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ABSTRACT
Dark matter (DM) is one of the biggest mystery in the Universe. In this review, after
a brief discussion of the DM evidences and the main proposed candidates and sce-
narios for the DM phenomenon, we focus on recent results on rotating disc galaxies
giving a special attention to the Low Surface Brightness (LSB) galaxies. The main
observational properties related to the baryonic matter in LSBs, investigated over the
last decades, are briefly recalled. Next, the LSBs are analysed by means of the mass
modelling of their rotation curves both individually and stacked. The latter analysis,
via the Universal Rotation Curve (URC) method, results really powerful in giving
a global/universal description of the disc galaxies properties. We show the presence
in LSBs of scaling relations between the galactic structural properties and we com-
pare them with those of galaxies of different morphologies. The findings confirm, for
all disc systems, a strong entanglement between the luminous matter (LM) and the
DM. Moreover, we report how in LSBs the tight relationship between their radial
gravitational acceleration g and their baryonic component gb results to also depend
on the galactic radius at which the former have been measured. Finally, LSB galaxies
strongly challenge the ΛCDM scenario with the relative collisionless dark particle and,
alongside with the non-detection of the latter, contribute to guide us towards a new
scenario for the DM phenomenon.
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1 INTRODUCTION
By means of telescopes, it is possible to observe the light emitted by stars, dust and gas, but they are only the tip of an
iceberg of the galactic mass. According to the latest observational data, the mass energy of the Universe contains only ∼ 5%
in baryonic ordinary matter, ∼ 27% in dark matter and ∼ 68% in dark energy (e.g. Ade et al. 2014; Aghanim et al. 2018).
Dark matter (DM) is a type of matter put forward to account for effects appearing to be the result of an invisible
mass. The existence and properties of the dark matter can be inferred from its gravitational effects on visible matter and
radiation and by means of the observations of large-scale structure of the Universe (Faber & Gallagher 1979; Trimble 1987).
Astrophysicists hypothesized dark matter because of discrepancies between the mass of large astronomical objects determined
from their gravitational effects and the mass calculated from the “luminous matter” they contain (stars, gas and dust). Many
observations have indicated the presence of dark matter in the Universe, including the rotational speeds of galaxies (Faber
& Gallagher 1979; Rubin et al. 1980; Bosma 1981a,b), the gravitational lensing of background objects and the extraordinary
Bullet Cluster (Clowe et al. 2004; Markevitch et al. 2004), the temperature distribution of hot gas in galaxies and clusters of
galaxies (Rees & Ostriker 1977; Cavaliere & FuscoFemiano 1978), and, more recently, the pattern of anisotropies in the cosmic
microwave background (CMB) radiation (Hinshaw et al. 2009; Ade et al. 2016). Relevantly, analysis of the anisotropies in the
CMB as detected by Planck finds that about five-sixths of the total matter does not interact significantly with ordinary matter
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Figure 1. A typical LSB galaxy (UGC 477). Credits: ESA/Hubble & NASA.
or with photons (Ade et al. 2016). Furthermore, the theory of Big Bang nucleosynthesis (BBN), which accurately predicts
the observed abundance of the chemical elements, indicates that the vast majority of dark matter in the universe cannot be
made by baryons (Persic & Salucci 1992; Copi et al. 1995; Nicastro et al. 2018). Moreover, accurate astronomical searches
for gravitational microlensing, have shown that only a small fraction of the dark matter in the Milky Way can be hidden in
dark compact objects composed of ordinary (baryonic) matter which emit little or no electromagnetic radiation (Alcock et al.
2000; Tisserand et al. 2007; Wyrzykowski et al. 2011). All this implies a non baryonic nature for the dark matter.
In addition of attempting to reproduce the observations in galaxies, an aim that also other no-DM theories try to do
(see e.g. MOND (Milgrom 1983), F(R)-gravity and scalar?tensor gravity (Capozziello & de Laurentis 2011)), the dark matter
theory was hypothesized (and found to work) in order to cope with the properties of the entire Universe.
In the currently most favoured Λ-cold dark matter (ΛCDM) paradigm (Kolb & Turner 1990; Mukhanov 2005; Ellis et al.
2012), the non-relativistic DM can be described by a collisionless fluid, whose particles interact (almost) only gravitationally
and very weakly with the Standard Model particles (Jungman et al. 1996; Bertone 2010). Furthermore, this new kind of
particle beyond the standard model (SM) of particle physics did solve pressing problems of the SM itself.
At any rate, despite the evidences about the DM existence, this mysterious component of the Universe is made by a not
yet characterized kind of particle. The search for this particle, by a variety of methods, is one of the major efforts in particle
physics today (Bertone et al. 2005; Arcadi et al. 2018).
This review is focused on the DM distribution in galaxies and its relation with the luminous matter (LM) distribution.
Particularly, it deals with the structural properties of DM and LM in disc galaxies, rotating objects with a rather simple kine-
matics, devoting special attention to the Low Surface Brightness (LSB) galaxies. These are rotating disc systems which emit
an amount of light per area smaller than normal spirals. They have a face-on central surface brightness µ0 & 23mag arcsec−2
in the B band (Impey & Bothun 1997). They are usually locally more isolated than high surface brightness (HSB) galaxies
(e.g. Bothun et al. 1993) and are characterised by very low star formation rates (e.g. Das et al. 2009) and particular colors,
metallicities, gas fractions (e.g. van der Hulst et al. 1993). Radio synthesis observations show that LSB galaxies have extended
gas discs with low surface densities ' 5M/pc2 and high MHI/L ratios, up to ' 50 in the B-band (e.g. van der Hulst et al.
1993), with MHI the mass of the HI gaseous disc.
It is worth to specify that the LSBs quantitatively have a star formation rate (SFR) . 0.1Myr−1 and a SFR surface
density . 0.001Myr−1kpc−2. Moreover, LSBs are largely dominated by DM, as shown by the analysis of their Tully-Fisher
relation (e.g. Zwaan et al. 1995), their individual (e.g. de Blok et al. 2001; de Blok & Bosma 2002) and stacked rotation curves
(RCs) (Di Paolo et al. 2019a). Overall, LSBs can be considered different laboratories than normal spirals (HSB) to test the
properties of the dark and the luminous matter. Their peculiarities involve large extension, low surface density in stars, in gas
and maybe in DM, and extremely low star formation.
The topic of this review is related to other main topics of astrophysics, cosmology and astroparticle physics. However,
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this work will be kept focused on the properties of dark matter where it mostly resides, with a particular attention to the LSB
disc galaxies. Then, a number of issues will not be dealt here or will be dealt in a very schematic way. There are excellent
reviews, suitable to complete the full picture of LSB galaxies. These include: “Low Surface Brightness Galaxies” (Impey &
Bothun 1997), “Low-Surface-Brightness Galaxies: Hidden Galaxies Revealed” (Bothun et al. 1997), “Galaxy Disks” (van der
Kruit & Freeman 2011), “The Standard Cosmological Model: Achievements and Issues” (Ellis 2018), “WIMP dark matter can-
didates and searches - current status and future prospects” (Roszkowski et al. 2018), “Status of dark matter in the universe”
(Freese 2017). In addition, in the next sections, when needed, the papers that extend and deepen the content here presented
will be indicated.
2 DM PHENOMENON IN THE PARTICLES FRAMEWORK
After accepting the existence of dark matter, there is a spontaneous question: what is its nature? Several possibilities have
been proposed. At any rate, it remains unknown if it consists of a single particle or a collection of them, like in the case of
the luminous sector of particle physics. Among few indications, the DM particles are extremely long-lived and stable, with
a lifetime comparable to the age of the Universe, as suggested by the large cosmic abundance of DM which must have been
generated very early in the history of the Universe and survived mostly unchanged until today (see cap. 5 in Kolb & Turner
(1990)) at least outside the innermost galactic regions. In the following, the most favoured types of dark particle candidates,
whose actual nature the LSB galaxies may give crucial hints, are shortly introduced. For a complete discussion of the various
DM models and existing constraints, see e.g. Bergstrom (2000); Bertone et al. (2005); Garrett & Duda (2011); Bauer & Plehn
(2017); Profumo (2017).
2.1 Weakly interacting massive particles (WIMP)
Weakly interacting massive particles (WIMPs) are particles that are thought to interact via gravity and via an interaction
beyond the standard model as weak as or weaker than the weak nuclear interaction (σ . 10−26cm2). These particles are
collisionless and therefore can be well investigated by N-body simulations.
In more detail, WIMPs perfectly interpret the model of a relic particle coming from the early Universe, when all particles
are in a state of thermal equilibrium. For the temperatures (T  mWIMP ) existing in the early Universe, the dark matter
particle and its antiparticle are both forming (from) and annihilating into lighter particles of the Standard Model (DM+DM 

SM + SM). As the Universe expands and cools (T . mWIMP ), the average thermal energy of these lighter particles decreases
and eventually becomes too small to form a dark matter particle-antiparticle pair. The annihilation of the dark matter
particle-antiparticle pairs (DM + DM ⇒ SM + SM), however, would continue and the number density of dark matter particles
would begin to decrease exponentially (∝ exp[−mWIMP /T]). Then, the number density becomes so low that the dark matter
particle and antiparticle interaction stops, and the number of dark matter particles remains (roughly) constant as the Universe
continues to expand. A particle in the GeV-TeV mass range that interacts via the electroweak force, with self-annihilation
cross section of 〈σv〉 ' 3 × 10−26cm3 s−1, implies a relic density similar to the observed matter density Ωm.
Because of their large mass, WIMPs move relatively slow. They may be candidates for cold dark matter (CDM), character-
ized by non-relativistic velocities since the decoupling time. Notice that their low velocities cannot overcome those originating
from the mutual gravitational attraction and, therefore, WIMPs clump together, from small structures to the largest ones
(bottom-up theory). They have a particular power spectrum of perturbations (see Fig. 2) which guarantees unique initial
conditions.
It is important to highlight that supersymmetric extensions of the standard model of particle physics readily predict a
new particle with the properties described above and with the in-built “WIMP miracle”(Steigman & Turner 1985; Kolb &
Turner 1990; Jungman et al. 1996; Munoz 2017). Notice that in this review, the WIMP particle is considered the reference
DM particle. In this case, the N-body simulations in the ΛCDM scenario give rise to structures of virialized DM halos with a
universal spherically averaged density profile ρNFW (r) (Navarro et al. 1997):
ρNFW (r) = ρs(r/rs)(1 + r/rs)2
, (1)
where the density ρs and the scale radius rs are parameters which vary from halo to halo in a strongly correlated way (Wechsler
et al. 2006). Eq. 1 is the Navarro-Frenk-White (NFW) profile. A very important quantity is the concentration parameter
c = rs/Rvir , where Rvir is the virial radius1, which encloses the whole mass of the halo. The concentration parameter is a weak
1 The virial radius Rvir is defined as the radius at which the average DM mass density within this radius is 100 times the critical density
of the Universe.
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Figure 2. Linear power spectra for ΛCDM (black line) and ΛWDM (coloured lines) scenarios. The WDM models are labelled by their
thermal relic mass and corresponding value of the damping scale, α, in the legend. Image reproduced from Kennedy et al. 2014 (Fig 1).
function of the halo mass (Klypin et al. 2011). Finally, we highlight the inner cusp shape ∝ r−1.
However, CDM particle has not yet been detected till now (see section 3 for details). Furthermore, it is challenged by the
observations at small scales (see e.g. Naab & Ostriker 2017; Bullock & Boylan-Kolchin 2017). This important issue will be
addressed in subsection 4.
Let us briefly discuss also about other proposed particles in the following subsections.
2.2 Scalar fields and fuzzy dark matter
Ultralight axion (ULA) with m ∼ 10−22 eV is a scalar field particularly interesting in DM astrophysics (Weinberg 1978; Hu et al.
2000; Ringwald 2012; Hui et al. 2017; Bernal et al. 2017) because at large scales mimics the behaviour of the cold dark matter
(CDM) and, once in (small) galaxies, however, the inter-particle distance is much smaller than their de Broglie wave length:
the particles move collectively as a wave and their equation of state can lead to cored configuration like those observed. We
have, then, the fuzzy DM scenario with the particles behaving as Bose-Einstein condensates (BEC). It is worth recalling that
the scalar field like the axion is introduced in order to solve the strong CP problem in particle physics (Duffy & van Bibber
2009). Furthermore, other scalar fields as axion-like particles were introduced, motivated by string theory (Kane et al. 2015).
These scalars are required to be non-relativistic and abundantly produced in very early Universe and to be (subsequently or
always) decoupled from ordinary matter.
Remarkably, the ULA-DM halo density profile assumes a configuration described by the following equation (Schive et al.
2014):
ρ(r) = 1.9 a
−1(mψ/10−23eV)−2(rc/kpc)−4
[1 + 9.1 × 10−2(r/rc)2]8
Mpc−3 , (2)
where a is the cosmic scale factor, mψ is particle mass and rc is the core radius fixed as the radius at which the density drops
to one-half its peak value. See also Fig. 1 in Schive et al. 2014.
2.3 Self-interacting dark matter (SIDM)
The self-interacting dark matter (SIDM) model assumes that dark matter has self-interactions. SIDM was postulated in 2000
to resolve a number of conflicts between observations and N-body simulations (of cold collisionless dark matter only) on the
galactic scale and smaller (Spergel & Steinhardt 2000). According to this model, the dark matter is self-interacting with
a large scattering cross-section but negligible annihilation or dissipation. The large scattering cross-section may be due to
strong, short-range interactions, similar to neutron-neutron scattering at low-energies, or to weak interactions mediated by
the exchange of light particles (although not so light as to produce a long-range force)(Spergel & Steinhardt 2000).
In the SIDM model, DM particles scatter elastically with each other, are heated by elastic collisions within the dense
inner halo and leave the region, where the densities are then reduced. In short, the original cusped profile is transformed in
a cored one. Let us stress that the collision rate is negligible during the early Universe when structures form. Therefore, this
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Figure 3. DM halo profile assuming collisionless CDM (black line), self-interacting DM (SIDM) with different cross-section (colored
lines). Image reproduced from Vogelsberger et al. 2014 (I panel in Fig.4). See also Tab. 1 and Eq. 2-3-4 in Vogelsberger et al. 2014 for
further details.
model retains the large-scale successes of the ΛCDM scenario, affecting the dark structures only on small scales. See Zavala
et al. (2013); Tulin et al. (2013); Bellazzini et al. (2013); Boddy et al. (2014); Vogelsberger et al. (2014); Elbert et al. (2015);
Kaplinghat et al. (2015).
Typical SIDM profiles for a dwarf galaxy are shown in Fig. 3.
2.4 Sterile neutrino: warm dark matter particle
The sterile neutrino is a hypothetical lepton particle beyond the Standard Model of particle physics. It is thought to interact
only via gravity and not via other fundamental interactions of the Standard Model (e.g. Drewes 2013; Adhikari et al. 2017;
Boyarsky et al. 2019). The sterile neutrino is motivated by arguments on the chirality of fermions and on the possibility to
explain in a natural way the small active neutrino masses through the seesaw mechanism (e.g. Asaka et al. 2005; Ma 2006).
It is interesting the fact that the sterile neutrino mass can cover the keV range and, in principle (e.g. Drewes 2013; Naumov
2019), can be a DM candidate able to overcome small scales CDM problems.
The sterile neutrino is classified as warm dark matter (WDM) particle. It can be created in the early Universe (Dodelson &
Widrow 1994; Shi & Fuller 1999; Kusenko 2009) and decouples from the cosmological plasma when it is still mildly relativistic.
WDM seems to overcome the overabundance problem on small scales typical of the collisionless CDM scenario (see Fig. 2).
Furthermore, taking into account the fermionic nature of this DM particle, it is also possible to solve the cusp problem. In
fact, given the mass ∼ keV of this WDM particle, its de-Broglie scale length is of the order ∼ tens kpc, which is of the order
of the stellar disk size in Spirals. Thus, a quantum pressure emerges (Destri et al. 2013; de Vega et al. 2013; Lovell et al. 2014;
de Vega & Sanchez 2017) and can shape the inner DM density profile forming a cored distribution. In Destri et al. (2013),
the investigated DM profile is the pseudo-isothermal one. It takes the form:
ρ(r) = ρ0
r20
(r2 + r20 )
, (3)
where ρ0 is the central constant density and r0 is the core radius. More precisely, assuming the pseudo-isothermal profile and
the quantum pressure arising from fermionic DM particles, the rotation curves of normal spirals are well reproduced when
the DM particle mass is ∼ keV .
A well defined lower limit has been found on the mass of the fermionic DM particle, taking into account the smallest dwarf
spheroidal (dSph) satellites of the Milky Way. Considerations on their phase-space densities and on the dynamical friction
process lead to the strict lower bound of m & 100 eV (Di Paolo et al. 2018).
6 Di Paolo C. & Salucci P.
3 IN SEARCH FOR THE DARK PARTICLE
Many experiments aimed to detect and study the dark matter particle, primarily WIMP, are being actively undertaken.
However, it is fair to say that none has yet succeeded (Bertone et al. 2005). See e.g. Arcadi et al. (2018) for a review.
Given the relevance of the non-detection of the WIMP particle in the DM field, some detail about the experimental
research are reported in the following. There are three main possible ways to ”detect” the DM particles:
i) indirect detection, that refers to the annihilation or the decay products of DM particles occurring far away from Earth
in DM halos. In fact, such efforts typically focus on locations where the DM is thought to accumulate the most: in the centers
of galaxies and galaxy clusters, as well as in the smallest satellite galaxies of the Milky Way. Typical indirect searches look for
excess of gamma rays, which are predicted both as final-state products of particles annihilation, or are produced when charged
particles interact with ambient radiation via inverse Compton scattering. The spectrum and intensity of a gamma ray signal
depends on the annihilation products and is computed on a model-by-model basis. The γ-ray flux of energy E coming from dark
matter annihilation in a distant source extended within a solid angle ∆Ω is given by Φ(E,∆Ω) ∝ [(〈σv〉/m2DM )
∑
f b f dNγ/dE]J∆Ω,
where 〈σv〉 is the thermally averaged annihilation cross-section, mDM is the mass of a single dark matter particle, and
b f and dNγ/dE denote the branching fraction of the annihilation into the final state f and the number of photons per
energy, respectively. In addition to the physical processes and the DM particle mass, the γ-ray flux also depends on the
spatial DM distribution through the J-factor =
∫
∆Ω
∫
los
dl ∆Ωρ2(l,Ω) in case of an annihilation process or the D-factor
=
∫
∆Ω
∫
los
dl ∆Ωρ(l,Ω) in case of a decay process (Gunn et al. 1978; Bergstrom et al. 1998; Geringer-Sameth et al. 2015). These
factors correspond to the line-of-sight (los) integrated squared dark matter density for annihilation and the dark matter
density for decay, respectively, within solid angle ∆Ω.
Experiments have placed bounds on the DM annihilation, via the non-observation of the annihilation signal. For constraints
on the cross-sections see (e.g.) Fig. 2 in Hoof et al. 2018 (Fermi-LAT), Fig. 8 in Archambault et al. 2017 (VERITAS), Fig. 1
in Abdallah et al. 2016 (H.E.S.S.), Fig. 5 in Cui et al. 2018 (AMS-02), Fig. 4 in Iovine et al. 2019 (IceCube and ANTARES);
ii) direct detection, that refers to the observation of the effects of a DM particle - nucleus collision as the dark particle
passes through a detector in an Earth laboratory. The WIMP elastically scatters off the atomic nucleus and the momentum
transfer gives rise to a nuclear recoil which is detectable (Goodman & Witten 1985; Schumann 2019). At least a few events
per months are expected.
Currently, there are no confirmed detections of dark matter from direct detection experiments (e.g. XENON1T, CDMSlite,
DAMA, DAMA0, COUPP, PICO60(C3F8), PICASSO, PANDAX-II, SuperCDMS, CDEX, KIMS, CRESST-II, PICO60(CF3I),
DS50, COSINUS, DarkSide-50), but only limits on the DM-Standard Model particle cross-section. See (e.g.) Fig. 12-13 in
Schumann (2019) and Fig. 1 in Kang et al. (2019);
iii) collider production, that is an alternative approach to the detection of dark matter particles in nature, which attempts
to produce DM in a laboratory. Experiments with the Large Hadron Collider (LHC) may be able to detect dark matter par-
ticles produced in collisions of the LHC proton beams. In this case, the DM particle may be detected indirectly as (large
amounts of) missing energy and momentum that escape the detectors (Kane & Watson 2008). See the constrains on the DM
particle mass (e.g.) in Fig.3 in Trevisani (2018). Constraints on dark matter also exist from the LEP experiment using a sim-
ilar principle, but probing the interaction of dark matter particles with electrons rather than with quarks (e.g. Fox et al. 2011).
Until now, all the astrophysical/experimental research has shown no sign of DM particle of any kind. The reader inter-
ested to this issue is directed to the following works and their references (Li et al. 2017; Irsˇicˇ et al. 2017; Nori et al. 2019;
Nebrin et al. 2019; Vegetti & Koopmans 2009; Bayer et al. 2018; Simon et al. 2019; Sikivie 1983; Asztalos et al. 2010; Graham
et al. 2015; Boyarsky et al. 2007; Bulbul et al. 2014; Boyarsky et al. 2014).
4 ISSUES WITH THE MAIN DM SCENARIO AND THE SIMPLEST PROPOSED SOLUTION
Despite that the N-body simulations in the ΛCDM scenario produce results well in agreement with the large scale structure
(when & 1 Mpc) of the Universe, they also predict an overabundance of small structures which are not observed in dedicated
surveys. This is the missing satellite problem (e.g Klypin et al. (1999); Moore et al. (1999); Zavala et al. (2009); Papastergis
et al. (2011); Klypin et al. (2015)). A possible explanation for this discrepancy is the existence of dark satellites that failed
to accrete gas to form stars either because of the expulsion of the former in the supernovae-driven winds or because of gas
heating by the intergalactic ionizing background. However, larger halos have deeper potential wells and should, in the absence
of strong feedback, be able to retain gas and form stars. Nevertheless, also in this case we do not observe the large number
predicted by the N-body simulations. In short, the predicted luminosity function is not in agreement with observations. This is
the too big to fail problem (e.g. Ferrero et al. 2012; Boylan-Kolchin et al. 2012; Garrison-Kimmel et al. 2014; Papastergis
et al. 2015).
Furthermore, the cusp predicted from the N-body simulations is in contrast with the observed core profiles, well described
by the Burkert profile (see Eq. 10 in Section 5). This is the cusp-core problem (e.g. Salucci (2001); de Blok & Bosma (2002);
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Figure 4. Rotation curve of a low luminosity spiral galaxy (Corbelli & Salucci 2000) with the luminous component (dashed line) and
the total component (solid line).
Gentile et al. (2004, 2005); Simon et al. (2005); Del Popolo & Kroupa (2009); Oh et al. (2011); Weinberg et al. (2015)), that
is present in spirals of any luminosity (see Salucci (2019)).
The solution proposed for the above issue is the eventual effect of baryonic matter feedbacks on the DM distribution:
these are generated by supernovae explosions which blow the existing gas to the outer galactic regions, rapidly modifying the
total gravitational potential. In turn, the inner collisionless DM cusped density is erased (e.g. Navarro et al. (1996a); Read
& Gilmore (2005); Mashchenko et al. (2006); Pontzen & Governato (2014); Di Cintio et al. (2014)).
Let us stress, however, that this process is unable to produce the observed cored DM distribution in dwarf and large
spirals (Moore 1994; Di Cintio et al. 2014). Furthermore, the halo response to the stellar feedback is shown to be a strong
function of the star formation threshold (Dutton et al. 2019; BenA˜ tez-Llambay et al. 2019), rising doubts on the ability to
form cored DM distributions.
4.1 Issues with other DM candidates
Although in this review the DM reference particle is cold and collisionless, it is interesting to note that also alternative
scenarios run in difficulties after some simple considerations.
The ULA is challenged in the production of DM core radii with size & 10kpc (Hui et al. 2017).
The SIDM, which is strongly constrained by clusters observations (Banerjee et al. 2019), at galactic scale requires a
fine-tuned velocity dependence of the cross section; without such dependence, the core of any galaxy will have the same size
determined by the particle elementary physics.
In addition, it is well known that quite serious challenges for the WDM scenario emerge at intermediate redshift (e.g.
Irsˇicˇ et al. 2017).
Finally, it is worth to point out that, in 2015-2017, the idea that dark matter was composed of primordial black holes
(PBH), made a comeback following the results of gravitation wave measurements which detected the merger of intermediate
mass black holes. Let us notice that this hypothesized DM candidate has to be born before nucleosynthesis and not in galaxies
(see e.g. Capela et al. 2013; Zumalaca´rregui & Seljak 2018; Niikura et al. 2019). In addition, the effort around this scenario
could be futile in that the PBHs behaviour on galactic scale is very similar to that of the failing CDM scenario.
5 THE DARK AND THE LUMINOUS MATTER DISTRIBUTION IN DISC/LSBS GALAXIES
One important way to investigate the DM properties is to study its distribution in galaxies. This is relatively direct in
rotational supported systems, such as spiral galaxies, since they have a rather simple kinematics.
It is worth to briefly discuss this claim by shortly reporting the situation for elliptical galaxies. Here, investigating the
DM distribution is more difficult. In this case, the systems are dominated by random motions rather than by rotational
motions and the analysis of the matter distribution involves the velocity dispersion σ(r) rather than the circular velocity V(r).
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The kinematics is more uncertain and, furthermore, the analysis is complicated by the presence of the nuisance anisotropy
parameter, which is font of degeneracy (see e.g. Binney 1976, 1978; Kormendy & Bender 1996; Cappellari et al. 2007).
In rotating disc galaxies, the main method to infer the dark matter distribution is to model their rotation curves V(r)
(see Fig. 4) by means of different matter components that all contribute to the gravitational potential:
V2tot (r) = r
d
d r
φtot (r) = V2d (r) + V2HI (r) + V2bu(r) + V2h (r) , (4)
with the Poisson equation ∇2φi = 4pi Gρi relating the surface/volume densities to the corresponding gravitational potentials.
Vd, VHI , Vbu and Vh are the contribution to the total velocity rotation curve Vtot (r) by the stellar disc, the gaseous disc, the
bulge and the dark matter halo, respectively (Faber & Gallagher 1979; Rubin et al. 1985 and e.g. Salucci 2019).
Once we adopt a suitable luminous matter distribution profile (i.e. Vd, VHI and Vbu), by fitting the observed rotation
curve V(r) with the model V2tot (r) in Eq. 4, which also includes the DM profile (Vh), we obtain the DM distribution.
5.1 The stellar disc
Given a stellar disc with a surface density profile µ(R), the contribution to the circular velocity is obtained from the Poisson’s
equation in cylindrical coordinates as described in Section 5 (see Eq.3) in Kent (1986). Caveat some occasional cases not
relevant for the present topic, the stars in rotating systems are mainly distributed in a thin disc with surface luminosity
(Freeman 1970):
µ(R) = µ0e−R/Rd (5)
where µ0 is the central value and Rd is the disc scale length (see Fig. 5 and also e.g. Fig. 1 in McGaugh & Bothun 1994,
Fig. 7-11 in Wyder et al. 2009). The light profile does not depend on the galaxy luminosity; thus, the disc length Rd sets a
consistent reference scale in all objects. Moreover, it is possible to use the optical radius Ropt = 3.2Rd as the stellar disc size
which includes 83% of the total disc galaxy luminosity. Noticeably, Ropt and the half-light radius R1/2 = 1.68 Rd (enclosing half
of the total luminosity) are good tags of the objects. The contribution to the circular velocity from the stellar disc component
is given by:
V2d (r) =
1
2
G Md
Rd
(3.2 r/Ropt )2(I0K0 − I1K1) , (6)
where In and Kn are the modified Bessel functions computed at 1.6 x, with x = r/Ropt .
5.2 The gaseous disc
A gaseous HI disc is present in rotating disc galaxies. The contribution to the circular velocity VHI is obtained from the HI
surface density ΣHI (R) by solving the Poisson’s equation (Section (5-5a) in Kent 1986). Typical gas distributions are shown
in Fig. 5. Very approximately, in the external region, the gaseous HI disc shows a Freeman profile (see e.g. Fig. 5 and also
Fig. 2 in van der Hulst et al. 1993) with a scale length about three times larger than that of the stellar disc (Evoli et al. 2011;
Wang et al. 2014):
ΣHI (R) = ΣHI,0e−R/3Rd . (7)
The contribution of the gaseous disc to the circular velocity is:
V2HI (R) =
1
2
1.3
GMHI
3RD
(1.1 R/Ropt )2(I0K0 − I1K1) , (8)
where 1.3 takes in consideration the helium contribution to the gaseous disc, the MHI is the HI gaseous disc mass, In and Kn
are the modified Bessel functions computed at 0.53 x.
In first approximation, when Vopt & 150Km/s, this component can be neglected in the mass modelling. In fact, the gaseous
contribution is usually a minor component to the circular velocities, since the inner regions of galaxies are dominated by the
stellar component and in the external regions, where the gas component overcomes the stellar one, the DM contribution is
largely the most important one (Evoli et al. 2011).
On the other hand, the HI disc is important as tracer of the galaxies gravitational field, precisely because of its extension
in the outer regions where we lack stellar observations. See Fig. 4.
Finally, let us recall that inner H2 and CO discs are also present and might be of some relevance with respect to the
stellar and HI ones, but their inclusion rarely modifies the mass modeling (Gratier et al. 2010; Corbelli & Salucci 2000).
5.3 The stellar bulge
Large disc galaxies are characterised by the presence of a central bulge, which usually appears as a round ellipsoid, where
old and new stars are crammed tightly together within few tens of parsecs. The mass profile decomposition must take in
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Figure 5. The radial surface brightness distribution in R band and the radial HI surface density distributions of three LSB galaxies
(UGC1230, UGC5999, UGC6614). The image is reproduced from van der Hulst et al. 1993 (Fig.2).
consideration that we have a projected stellar density µbu(R) which gives contribution to the circular velocity as specified in
Section 5b in Kent 1986. Noticeably, far away from the center, V2
bu
(r) = GMbur , where Mbu is the bulge mass. Assuming that
the innermost velocity measurements are obtained at a radius rin, usually larger than the edge of the bulge, we can consider
the bulge as a point mass. Its contribution Vbu to the circular velocity, relevant in the inner galactic region, can be expressed
by the simple functional form:
V2bu(r) = αbuV2in
(
r
rin
)−1
, (9)
where αb is a parameter which can vary from 0.2 to 1 (e.g. see Yegorova & Salucci (2007)), Vin and rin are the values of the
first velocity measurement closer to the galactic center.
5.4 The DM halo
Since the luminous component is not able to fit the whole rotation curve (Rubin et al. 1980; Bosma 1981b and also Salucci
2019), we need to add a contribution by an assumed spherical dark matter halo. The density profiles ρ(r) mostly used are:
i) the NFW profile, which is the result from the N-body simulation in the ΛCDM scenario described in Eq. 1, charac-
terised by a central cusp ∝ r−1 and by an external tail ∝ r−3;
ii) the empirical cored profile, characterised by a central constant density ρ(r) ∼ const . within a core radius r0 and by an
external tail whose negative slope can vary according to the specific adopted model. In particular, a very successful empirical
model is the Burkert profile (Burkert 1995):
ρDM (r) =
ρ0r30
(r + r0)(r2 + r20 )
, (10)
where ρ0 is the central mass density and r0 is the core radius. Also this profile is characterised by an external tail ∝ r−3. The
corresponding mass profile is:
MDM (r) =
∫ r
0
4pir˜2ρDM (r˜) dr˜ = (11)
= 2piρ0r30 [ln(1 + r/r0)
−tg−1(r/r0) + 0.5 ln(1 + (r/r0)2)] .
The contribution to the total circular velocity is given by:
V2h (r) = G
MDM (r)
r
. (12)
The Burkert profile represents the (empirical) family of cored distributions, which includes, e.g., the pseudo-isothermal profile
(Eq. 3), the degenerate fermionic particles profile (see e.g. Appendix A1-A2 in Di Paolo et al. 2018) and the Binney-Tremaine
profile (see Binney & Tremaine 2008 and Persic et al. 1996). Discriminating the correct one among them is, currently, very
difficult (see Fig.7 in Salucci (2019) and the references therein).
Although the already mentioned pseudo-isothermal profile is often used (see Eq. 3), this profile is characterised by an
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Figure 6. Tangential shear measurements from Hoekstra et al. 2005 as a function of projected distance from the lens in five R-band
luminosity bins. The solid (dashed) magenta line indicates the Burkert (NFW) model fit to the data. Image reproduced from Donato
et al. 2009 (Fig. A1).
external tail ∝ r−2 (implying constant velocities when r  Ropt) that disagrees with the declining RC profiles at very outer
radii (Shankar et al. 2006; Zobnina & Zasov 2020).
iii) the Zhao halos profile (Zhao 1996), which can assume both the form of a cusped or a cored profile:
ρ(r) = ρ0
(r/r0)γ (1 + (r/r0)α)
β+γ
α
. (13)
However, it involves a large number of parameters: the density ρ0, the radius r0, the α, β and γ parameters, which control
the slope and the curvature of the profile. This seems in disagreement with observations in spirals, ellipticals and spheroidals
which suggest that DM halos are one (or two)-parameters family. In any case, in all the analysis of RCs, data cannot support
a 6-parameters model without producing very large degeneracies.
As regard as the presently favoured halo distribution, it is worth emphasizing that the tail of the cored Burkert profile,
∝ r−3 (as well as the NFW case), is in agreement with the weak lensing observations, which allow us to estimate the DM
distribution of mass in the very outer region of galaxies up to their virial radii (Schneider 1996; Hoekstra & Bhuvnesh 2008; Zu
& Mandelbaum 2015; Donato et al. 2009). See Fig. 6. Furthermore, we highlight that the cored Burkert profile well reproduces,
in cooperation with the velocity components of the luminous matter, the individual circular velocities of spirals. The evidence
coming from individual rotation curves is discussed at length in section 8.2 in Salucci 2018. A similar success is also evident
in the stacked analysis of dwarf discs (Karukes & Salucci 2017) and low surface brightness systems (Di Paolo et al. 2019a).
Concerning the DM halo, the most relevant quantity is its mass. In general, cosmologists refer to the virial mass Mvir that
is evaluated according to the relation Mvir = 43 pi 100 ρcrit R
3
vir
, where Rvir is the virial radius and ρcrit = 9.3 × 10−30g/cm3 is
the critical density of the Universe.
5.5 Rotation curves modeling
When the rotation curves (RCs) are modeled, the stellar mass to light ratio M∗/L is always present as a free parameter. Three
methods allow its determination:
i) we can assume that the mass in stars is proportional to the observed (R-band) light by adopting the mass to light ratio
M∗/L derived from the population synthesis models;
ii) we can consider the luminous contribution to V(r) as determined by the maximum disc hypothesis, for which the M∗/L
is obtained by forcing the gas and the stellar contributions to account for the galaxy’s inner rotation curve as much as possible;
iii) M∗/L can be left as a free parameter of the stellar contribution to the circular velocity and then determined directly
by the fitting method.
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s−1) ≤ 150, which is very well sampled here: both the individual curves and the synthetic curves show a very steep slope
(∇ > ∇pred ≃ 0.2), in agreement with the global trend. The latter is very strong, and emerges clearly also in samples (as
in PS91) with many fewer (≃ 50) objects and lower observational accuracy (i.e., δ∇ ≃ 0.1). Thus, the observed RC profiles,
unlike the Flores et al. (1993) predictions, are generally very steep, and show a marked correlation with luminosity. Navarro
et al. (1996) show how an infall model a` la Flores et al. may naturally reproduce the RC systematics highlighted in this (and
previous) paper(s).
6 CONCLUSION
In this paper we have investigated the main properties of the mass structure of spirals. To do this, we have used a very large
number (∼ 1100) of galaxy RCs, to construct: (a) a sample of 131 high-quality extended RCs; and (b) a sample comprising
616 medium-quality RCs that, co-added in 11 (× 2) synthetic curves, have thouroughly covered the whole luminosity (velocity
amplitude) sequence of spirals. Our analysis extends out to 2 optical radii and spans approximately 6 mag.
Both samples show that spiral RCs follow a common pattern: their amplitudes and profiles do not vary freely among
galaxies, but depend on luminosity. At low luminosities the RCs are steep for R∼< Ropt, and grow monotonically to a probably
asymptotic value at outer radii. At high luminosities the RCs are flat (and even decreasing) for R∼< Ropt, and gently fall, from
∼ Ropt outwards, to reach a probably asymptotically constant value farther out. They are very well represented by:
VURC(
R
Ropt
) = V (Ropt)
[(
0.72 + 0.44 log
L
L∗
)
1.97 x1.22
(x2 + 0.782)1.43
+ 1.6 e−0.4(L/L∗)
x2
x2 + 1.52 ( L
L∗ )
0.4
]1/2
km s−1 (14)
with x = R/Ropt). The Universal Rotation Curve in eq.(14) (see Fig.10) describes any rotation curve at any radius with a
very small cosmic variance. In fact eq.(14) predicts rotation velocities at any (normalized) radius with a typical accuracy of
4%.
On the other hand, by slicing the URC to match individual observed RCs we can derive galaxy luminosities and therefore
measure cosmic distances with a typical uncertainty of 0.3 magnitudes. The benefits of using the URC as a distance indicator
are discussed by Hendry et al. (1996).
A particular feature of the Universal Rotation Curve is the strong correlation between the shape and the luminosity
(velocity) established in previous papers and confirmed here over a factor 150 in luminosity (factor of 5 in velocity) and over
the variety of the RC profiles. This relationship sweeps a narrow locus in the profile/amplitude/luminosity space, implying
that the great majority of spirals belong to the same kinematical family. At high luminosity, the profiles of RCs are only
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Figure 7. Universal rotation curve (URC) for spiral galaxies. The velocity (V) rotation curves are expressed as function of the normalised
radii R/Ropt and of the galaxies magnitude MI . Image reproduced from Persic et al. 1996 (Fig.10).
Then, considering that the contribution from the gaseous disc can be evaluated from the resolved HI surface density, the
contribution from the DM halo (with two free parameters) is obtained by the RC best fitting.
The rotation curves of disc galaxies can be studied individually or by means of a stacked analysis, such as that performed in
the the “universal rotation curve method”, described in sections 6-10.
6 THE UNIVERSAL ROTATION CURVE (URC)
A very interesting feature of spiral galaxies is that the bigger they are, the more luminous they are and the higher rotational
velocities they show. Mor over, when their RCs, with the radial coo dinate r normalised with respect to their optical radius
Ropt2, are put together, they appear to follow a universal trend (first shown in Fig. 4 in Rubin et al. 1985, then in Persic
& Salucci 1991; Persic et al. 1996; Rhee 1996; Roscoe 1999; Catinella et al. 2006; Noordermeer et al. 2007; Salucci et al.
2007; LA˜s¸pez Fune 2018 and e.g. Salucci 2019). From small to large galaxies, the RCs have higher and higher velocities and
profiles that gradually change. See also Fig. 7. By means of the “universal rotation curve (URC) method”, a stacked analysis
which involves groupings of similar RCs and their mass modelling, one can determine an analytic function that gives a good
description of all the rotation curves of local spirals (i.e. objects inside a spherical volume of radius of 100Mpc).
The URC method was applied for th first time in Persic & Salucci (1991). This w s followed by series of three works:
Persic et al. (1996), Salucci et al. (2007) and Karukes & Salucci (2017), where the URC method gave extremely interesting
results on normal spirals (HSB) and dwarf disc (dd) galaxies. A subsequent work confirmed the above results with 2300 disc
galaxies and strengthened the statistical existence of tight scaling relations among the properties of spirals (Lapi et al. 2018).
The URC analysis, based on the ma s modeling of stacked and suitably or alised RCs of similar lumin sity, has rele-
vant advantages over the individual fit of the RCs. In fact, this statistical procedure increases the signal-to-noise ratio and
smooths away, in each individual RC, the small-scale fluctuations induced by bad data and/or by physical features as spiral
warps. Thus, we can use a larger sample of RCs, which include also those that cannot be fitted individually.
Let us stress that this stacked analysis yields RCs which must be fitted with a (cored) Burkert profile for the DM halo
alongside with a Freeman stellar disc (e.g. Salucci et al. 2007; Karukes & Salucci 2017).
It is worth to underline that the concept of universality in the RCs means that all of them can be described by the same
analytical function as long as expressed in terms of the normalised radius and of one global parameter of the galaxy, such
as magnitude, luminosity, mass or velocity at the optical radius (Vopt ≡ V(Ropt )). Therefore, the universal rotation curve
(URC) is the circular velocity at a certain radius r given by (e.g.) V(r/Ropt, L), where L is the galaxy’s luminosity. See Fig. 7.
Obviously, the URC does not change by using, instead of Ropt , other radial coordinates proportional to the stellar disc scale
length Rd.
2 The details of this choice are expressed in Persic et al. (1996).
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Figure 2. Pseudo-color images created from HST/ACS V606 and I814 images using the Lupton et al. (2004) algorithm. From left to right and top to bottom, the galaxies
are ordered by effective surface brightness in the V606-band. All panels are displayed using the same pixel stretch. Each panel spans 1′ on a side. North is up and east is
to the left. Newly discovered galaxies are marked with “new” in the corner.
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Figure 8. LSB galaxies. From left to right nd top to bottom, the galaxies are ordered by effective surface brightness in the V606-band.
Image reproduced from Cohen et al. 2018(Fig.2).
The URC is a very powerful tool: once established for a family of galaxies, from the knowledge of few galaxies properties
(such as Rd and L), one can derive the full galaxy rotation curve and all its structural properties.
The concept of the URC, the resulting mass models and the scaling relations in Low Surface Brightness (LSB) disc galaxies
have been recently investigated. The emerging scenario has been compared with the results obtained by individual modelling
of the LSBs RCs and with those obtained for disc galaxies of different Hubble types, namely the spiral galaxies and the dwarf
disc galaxies.
7 LOW SURFACE BRIGHTNESS (LSB) GALAXIES
LSB galaxies (see Fig. 1-8-9-10) are rotating disc systems which emit an amount of light per area smaller than normal
spirals, with a face-on central surface brightness µ0,B & 23mag arcsec−2 in the B band (e.g. Impey & Bothun 1997) and/or
µ0,R & 21mag arcsec−2 in the R band (see e.g. Fig. 5 and also Fig. 1 in McGaugh & Bothun 1994, Fig. 7 in Wyder et al.
2009). The µ0,B value is systematically fainter than the canonical value µ0,B = 21.65mag arcsec−2 in normal spirals (Freeman
1970; van der Kruit 1987). The LSBs are characterised by diffuse, low surface density exponential stellar discs (de Blok et al.
1996; Burkholder et al. 2001; O'Neil et al. 2004), with typical average values Σ∗ ' 12.3M/pc2 (see e.g Tab.2 in Lei et al.
2019), about 3 - 4 times lower than the values in HSB spiral galaxies. Remarkably, the surface density can reach sometimes
values ' 10 times lower than those of spirals.
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Figure 1. A few representative galaxies of different morphologies in our sample in r-band. The disc central surface brightness (in units of mag arcsec-2) is
indicated on the top of each galaxy. The colour scale is same for all images.
(ii) The exponential profile for the disc is given by:
I (R) = I0 exp
(
− R
Rs
)
, (2)
where I0 is the central surface brightness and Rs is the scalelength
of the stellar disc.
The full profile is the addition of the Se´rsic and the exponential
profiles. Bars in the sample are included in the bulge light and
are not dealt separately. To run the GALFIT successfully, we need to
provide the point spread function (PSF). To generate PSF images
for SDSS observations, a Gaussian profile with a given Full Width
at Half Maximum (FWHM) of the surface brightness distribution
is fit with GALFIT. The FWHMs for SDSS observations are obtained
from Science Archive Server. The background image (also known
as σ image) is generated internally.
In addition, the GALFIT software also requires initial guesses of pa-
rameters of bulge and disc profiles that we choose from SDSS such
as ra, dec, PetroMag r , PetroMag g, PetroMag i, deVAB r ,
expAB r , deV Phi r , and expPhi r . After setting the initial pa-
rameters, we run the GALFIT for all 294 galaxies in r-band. The output
of the GALFIT fitting returns the final model of the galaxy and the
residual image that is formed by the subtraction of the final model
from the original image. All the residuals are visually inspected to
see whether the final model obtained is a good fit to the original
image or not. On the basis of residual inspection and badly reduced
χ2 values, we do not include 31 galaxies in our study. As men-
tioned earlier in this section, we have rejected few galaxies having
star-forming clumps around the centre. This was also done based
on the visual inspection. As GALFIT was not able to fit them properly
(reduced χ2 was not good), the residuals of these type of galaxies
had left-over bright sub-components that showed that these galaxies
were having star-forming clumps. We thus do not include them in
our study. Our final sample consists of 263 galaxies.1 All the subse-
quent analysis and results presented in this paper are based on this
specific sample. Based on the visual inspection in r and g bands, we
have found 43 bars out of 294 galaxies i.e. ∼15 per cent are barred
LSBs in our sample. In Fig. 2, we show images of some represen-
tative barred LSBs in our sample. A discussion on the barred LSBs
is presented in Section 4.
The output of the GALFIT consists of three images -
(i) The postage stamp sized region of the input image.
(ii) The final model of the galaxy in that region.
(iii) The residual image that is formed by subtracting the final
model from the first image.
In Fig. 3, we show the three examples of bulge-disc decompositions
that we have obtained using GALFIT software. The three selected
galaxies are typical examples of irregular, bulge, and bar galaxies
as shown in first, second, and third row. The first column shows the
r-band observation images of these selected galaxies, the second
column shows the GALFIT model images, and the third column shows
the residuals images.
1The online supplementary material consists of GALFIT output for these 263
galaxies in our sample. For all these galaxies, reduced χ2 is around one.
The image and GALFIT fits are available on request.
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Figure 9. Few representative LSB galaxies in R-band. The disc central surface brightness (in units of mag arcsec−2) is indicated. The
colour scale is same for all panels. Image reproduced from Pahwa & Saha 2018(Fig.1).
Figure 10. First panel: R-band image of the barred LSB galaxy UM 63, reproduced from Honey et al. 2016( I panel in Fig.3). Second
panel: image of UGC 1378 reproduced from Saburova et al. 2019(Fig.1). UGC 1378 is a giant low-s rface b ight ess disky galaxy and
has both high surface brightness disc and an extended low surface brightness discs. Third panel: image of the giant LSB galaxy Malin 1,
reproduced from Boissier et al. 2016(Fig.1).
7.1 LSBs observational properties
The observed LSBs cover the full population of galaxies, ranging from small (' 107M) to very large (more than 1010M)
stellar disc mass Md (see e.g. Fig. 11 - 15 - 19), from small to large size, with stellar disc scale lengths Rd spanning from
fraction of kpc to tenths of kpc (see e.g. Fig. 14). Their typical magnitudes are: −20 . MB . −10 (see e.g. 12 and Tab. 2 in
Du et al. 2019), −23 . MR . −14 (see e.g. Fig. 2 in Minchin et al. 2004).
The LSB disc galaxies include several morphologies (see e.g. Fig. 8-9-10, Tab.1 in Honey et al. 2016, Tab.1 in Honey et al.
2018), from irregulars to spirals. They include both dwarfs and giant galaxies; the latter are sometimes composed of a HSB
disc embedded in a larger LSB disc extended out to ' 100 kpc, as in Malin 1 (Bothun et al. 1987; Impey & Bothun 1989;
Boissier et al. 2016) (see Fig. 10). Most LSBs are without bars, but a small fraction of them show this feature (e.g Honey
et al. 2016, see Fig. 9-10). The largest LSBs usually possess a central bulge (e.g. Das 2013).
The LSB galaxies generally result bluer than normal spirals (HSBs), with typical B-V color approximately in the range
[0.49; 0.52], which is smaller than the typical average value B-V' 0.75 of the HSBs spirals. See Fig. 12 and also e.g. the results
reported in Fig. 7-11 in Wyder et al. (2009) and in McGaugh & Bothun (1994); de Blok et al. (1996); Schombert & McGaugh
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Figure 11. Stellar mass M∗ versus HI mass MHI , reproduced from Pahwa & Saha 2018(Fig.12).
Figure 12. Properties of LSB galaxies sample from Du et al. 2019; O'Neil et al. 2000; McGaugh & Bothun 1994; de Block et al. 1995,
represented by open circles, open squares, open triangles, asterisks respectively, compared with the same properties of HSB galaxies
(purple stars) from Ponomareva et al. 2017. The cyan, green and red open circles represent dwarf, moderate-luminosity and giant LSBs
in the Du et al. 2019 sample. The over-plotted black plus symbols represent candidates of Ultra Diffuse Galaxies in the Du et al. 2019
sample. The image is reproduced from Du et al. 2019(Fig.3).
(2014); Pahwa & Saha (2018); Du et al. (2019). Rarely, they can be catalogued as red objects (see Fig. 12 and also e.g. O'Neil
et al. 2000). The LSBs have the following peculiarity: a lack of correlation between their surface brightness µ0 and colors
versus other galaxies properties, as the disc mass, the luminosity, the disc scale length (e.g. McGaugh & Bothun 1994, see
also e.g Fig. 6 in Bothun et al. 1997, Fig. 8 - 11 in (Pahwa & Saha 2018)).
Radio synthesis observations show that LSB galaxies have extended gas discs with masses MHI ranging on average be-
tween 108 and 1010 M (see e.g. O'Neil et al. 2000; Pahwa & Saha 2018; Lei et al. 2019), usually of the order of the stellar
disc mass Md (see Fig. 11 and also e.g. Tab. 2 in Lei et al. 2019). In spirals the ratio MHI/Md, instead, goes from 10 to 0.1
as galaxy magnitude increases.
The LSBs can show large values of MHI/L ratios (e.g. van der Hulst et al. 1993; O'Neil et al. 2000; Du et al. 2019), which
can result to be several times higher than in normal spirals. See the right panel in 12. Typical values of MHI/LB in LSBs
range from ' 0.1 to ' 10 (Burkholder et al. 2001; O'Neil et al. 2004; Du et al. 2019), reaching sometimes extremely high values
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Figure 13. Star formation rate (SFR) surface density as a function of the total hydrogen gas surface density. The colored symbols
indicate the sample of 19 LSB galaxies from Wyder et al. 2009. The gas surface densities are derived from the HI data from de Blok
et al. 1996 (green circles), Pickering et al. 1997 (red triangles), and van der Hulst et al. 1993 (blue stars) and assume that the molecular
fraction is negligible. The black pluses indicate the sample of higher surface brightness galaxies from Kennicutt 1998 while the solid
line is the power-law fit to these points. The LSB galaxies tend to lie below the extrapolation of the power-law fit to the higher surface
brightness sample. The three dotted lines show the star formation efficiency (SFE) of 100%, 10%, 1% in a timescale of star formation of
108yr . Image reproduced from Wyder et al. 2009(Fig.17).
like 50 (O'Neil et al. 2000). The reason for these values can be found both in the large mass of the LSBs gaseous disc and its
characteristic low density, which likely prevents an efficient star formation (e.g. Das et al. 2009; Galaz et al. 2011). The typical
HI surface density maximum values in LSB galaxies are ΣHI ' 5Mpc−2 (see Fig. 5 - 13 and also e.g. de Blok et al. 1996; Lei
et al. 2019). These values on average are less than half lower than the values found in similar high surface brightness galaxies
(see e.g. van der Hulst et al. 1993). According to the Kennicutt criteria (Kennicutt 1989, 1998), the HI surface densities in
LSBs appear to be systematically below the star formation threshold (see e.g Fig. 5 in van der Hulst et al. 1993 and also
Schmidt 1959; Kennicutt 1998; Boissier et al. 2016), implying that the gas is not stable to collapse and form stars (van der
Hulst et al. 1993; Martin & Kennicutt 2001; Blitz & Rosolowsky 2004; Robertson & Kravtsov 2008; Wyder et al. 2009). As
result, the star formation rate (SFR) in LSBs is very low, usually . 0.1Myr−1, at least one order of magnitude lower than
in HSB spirals (see e.g. de Blok et al. 1996; van den Hoek et al. 2000, Tab. 3 in Lei et al. 2018, Tab. 2 in Lei et al. 2019).
Typical values of the star formation surface densities are ΣSFR . 10−3Myr−1kpc−2 as reported in Fig. 13. See also Tab. 3 in
Lei et al. 2018. The low star formation in LSBs also yields a low star formation efficiency (only a few percent than that in
HSBs), as pointed by Lei et al. 2018. It is worth noticing that the LSBs have much lower SFR and ΣSFR than star-forming
galaxies, despite both of them have similar HI surface densities (see Fig. 10 in Lei et al. 2018).
LSBs are characterised by a low metallicity (< 1/3 of the solar value, see e.g. Fig.8 in McGaugh & Bothun 1994 and also
Liang et al. 2010; Bresolin & Kennicutt 2015; Honey et al. 2016). This causes an inefficient cooling with a consequent lack of
large amounts of molecular gas and with a low dust content (Matthews & Gao 2001; O'Neil & Schinnerer 2003; Hinz et al.
2007; Wyder et al. 2009) that are important factors in determining the slow evolution of LSB galaxies.
It is very relevant to anticipate here that, despite their very low values of the SFR and of the SFR densities, the LSB
galaxies exhibit large core radii in the DM halos, as large as (and also larger than) those of normal spirals with much higher
SFR (see left panel in Fig. 20). This fact will be deepened in sections 16-16 of the review.
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7.2 LSBs evolution
The typical observed very blue colors of LSBs suggest that young stars are the dominant population, while the old stars do
not make a substantial contribution to the light of the galaxy (e.g. Wyder et al. (2009); Schombert & McGaugh (2014)).
These properties, together with the observed low Hα emission (e.g Schombert et al. 2013) and the high gas fractions, indicate
a history of nearly constant star formation, compared to the declining star formation models which match the properties of
HSB spirals and irregulars (e.g. Vorobyov et al. 2009; Schombert & McGaugh 2014). Furthermore, the LSBs very low content
of metals and dust, that are normally produced during the star formation process, also suggests that they formed relatively
few stars over a Hubble time (see e.g Wyder et al. 2009; Vorobyov et al. 2009). The LSB stellar population appears to be
uniformly distributed in the stellar disc, since there is no significant color gradient in the color images (Honey et al. 2016).
Likely, the star formation is characterised by sporadic small-amplitude events (e.g Schombert & McGaugh 2014). Overall,
LSBs are not the faded remnants of HSBs that have ceased star formation, as also suggested by the absence of correlation
between µ0 and colors with other galaxies properties (see e.g. Bothun et al. 1997; Pahwa & Saha 2018). Rather, LSBs are
slowly evolving galaxies separated from the normal spirals galaxies (e.g. Vorobyov et al. 2009; Schombert & McGaugh 2014).
7.3 The LSBs environment
LSB galaxies are generally isolated systems, located on the edges of large-scale structure (Bothun et al. 1997; Rosenbaum &
Bomans 2004; Galaz et al. 2011; Kova´cs et al. 2019), near large-scale voids. During their formation in underdense regions,
some processes like tidal interactions and mergers that increase the gas density rarely occur. The isolated environments are
especially characterising the giant LSBs (Rosenbaum et al. 2009), while the smaller LSB dwarf and irregular galaxies are
found in both underdense regions (Pustilnik et al. 2011) and more crowded environments (Merritt et al. 2014; Davies et al.
2016).
In LSB galaxies, the environment may play a role much more important than in galaxies of other Hubble type.
7.4 Further LSBs observations
LSBs are not rare objects; they likely comprise & 50% of the general galaxy population (e.g. McGaugh et al. (1995); Bothun
et al. (1997); Dalcanton et al. (1997a); Trachternach et al. (2006); Greco et al. (2018); Honey et al. (2018)), with cosmological
implications (see e.g. Section 5 in Bothun et al. 1997, Tab. 4 in Minchin et al. 2004).
However, the LSBs detection is challenging, due to their surface brightness that is much lower than that in their HSB
counterparts. Thus, LSBs are more difficult to detect against the sky (Disney 1976; Williams et al. 2016); observational
capability and selection effects inevitably lead to a bias, which is a danger for understanding the galaxy formation and
evolution. The oldest LSB galaxy samples were mainly composed of LSBs in the brightest end of surface brightness (e.g.
Schombert et al. 1992; McGaugh & Bothun 1994; de Block et al. 1995; Impey et al. 1996). Recently, LSB surveys comprise
objects with much lower surface brightness (µ0,B ' 24 − 28mag arcsec−2) (see e.g. Zhong et al. 2008; Williams et al. 2016;
Trujillo & Fliri 2016). Since LSBs are very rich in HI gas, a promising investigation channel comes from the radio observations
(e.g. Giovanelli et al. 2005).
8 LSB SAMPLE
By exploiting the URC method, an accurate investigation of the structural properties of LSBs has been obtained, see Di Paolo
et al. (2019a). In the latter, 72 rotating disc galaxies classified as ”low surface brightness” are investigated (see Tab. A1 in
Appendix A for the references and Fig. C1-C2-C3-C4-C5 in Appendix C for the RCs plots3.
In detail, in Di Paolo et al. (2019a), the sample is selected according to the following criteria:
i) the rotation curves extend to at least ' 0.8 Ropt ;
ii) the RCs are symmetric, smooth (e.g. without strong signs of non circular motions) and with an average fractional internal
uncertainty lesser than 20%;
iii) the galaxy disc scale length Rd and the inclination function 1/sin i are known within 30% uncertainty.
The selected LSBs have optical velocities Vopt spanning from ∼ 24 km/s to ∼ 300 km/s, covering the values of the full
population. In Fig. 14, the values of the stellar disc scale lengths Rd and the optical velocities Vopt are shown and compared
to those of normal spirals. A larger spread in the former case is clearly recognizable.
The sample of rotation curves consists of 1614 independent (r,V) measurements. When the RCs, expressed in normalised
3 Online data in Di Paolo et al. (2019a).
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Figure 14. Optical velocity versus disc scale lengths in LSB galaxies (red) and in normal spirals (blue) (Persic et al. 1996). The typical
fractional uncertainties are 5% in Vopt and 15% in Rd , as shown in the right-down corner. Image reproduced from Di Paolo et al.
2019a(Fig.2).
radial units, are put together (see Fig. 25), they show an universal trend, analogous to that of the the normal spirals (Fig. 7).
The next step is to investigate the LSBs kinematics, namely their URC and their related scaling relations among the galaxy’s
structural parameters (Di Paolo et al. 2019a).
9 MASS MODELING OF INDIVIDUAL LSB ROTATION CURVES
The LSB galaxies have been investigated by modelling, object by object, their rotation curve. These studies usually tested a
cusped NFW profile and a cored profile for the DM halo density. The cored profile mostly adopted was the pseudo-isothermal
one (see Eq. 3), which is almost coincident with the Burkert profile (Eq. 10) in the inner galactic regions, provided that
r0,Burk ' 2r0,pseudo−iso.
As regard as the stellar disc contribution to the circular velocity, most of the works adopted one of the following strategies:
the maximum disc hypothesis, the minimum disc hypothesis and a fixed stellar mass to light ratio M∗/L. In most cases, despite
the latter uncertainty, the cored DM profiles fit better the circular velocity than the cusped DM halo profile (e.g. de Blok &
Bosma (2002); Marchesini et al. (2002); Swaters et al. (2003); Kuzio de Naray et al. (2006, 2008)). Furthermore, sometimes the
above NFW fits point to unphysical values for the fitting parameters, in disagreement with the predictions from the ΛCDM
numerical simulations (see e.g. Fig. 10 in de Blok & Bosma (2002), Fig. 15 in Swaters et al. (2003), Fig. 21 in Pickering et al.
(1997)).
In Fig. 15, individually analysed galaxy structure parameters are compared with the results obtained by means of the
URC method (Di Paolo et al. 2019a) (see section 11).
In the upper panel of Fig. 15, the relation between the stellar disc scale lengths Rd and the masses of the stellar discs
Md is shown; the central panel shows the relation between the DM halo core radius r0 and the stellar disc scale lengths Rd.
Finally, in the lower panel of Fig. 15, the relation between the central DM halo density ρ0 and the core radius r0 is shown.
10 LSBS MASS MODELLING BY MEANS OF THE URC METHOD
In Di Paolo et al. (2019a) the URC method is applied to 72 rotating disc galaxies. According to the URC method, one makes
the galaxies RCs as similar as possible in radial extension, amplitude and profile by introducing the normalisation of their
radial coordinates and velocity amplitudes and a luminosity (or reference velocity) binning. See sections 3-4 in Persic et al.
(1996).
The 72 RCs are arranged in 5 optical velocity bins according to their increasing Vopt , see Fig. 16; then, by normalising
the radial units with respect to their disc scale length Rd, the radial extensions of the RCs result more similar: most of the
18 Di Paolo C. & Salucci P.
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□ □
□
□
□
□
□
□
□
□ □
□
□
□
□
□
□
□□
□
□
□
□
□
□
□
□
□
□ □
□
□
□□
□
□
□
□
□
□
□
□
○
○○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
♢♢
♢
-0.5 0.0 0.5 1.0 1.5-0.5
0.0
0.5
1.0
1.5
2.0
2.5
Log Rd [kpc]
Lo
g
R
c
[kpc]
□
□
□ □
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□ □□
□
□□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□○
○
○ ○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
♢
♢♢
8 9 10 11 12
-0.5
0.0
0.5
1.0
1.5
LogMd (Msun )
Lo
g
R
d
(kpc)
r 0
 
)(
)
(
LSB results from individual RCs :
maximum disc model
population synthesis model
minimum disc model
LSB results from URC method
free M⇤/L  model
LSB results from individual RCs :
maximum disc model
population synthesis model
minimum disc model
LSB results from URC method
free M⇤/L  model
□
□
□
□
□
□
□
□
□
□
□
□□
□
□
□
□
□
□
□
□
□
□
□
□
□□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□
□ □
□
□
□□
□
□
□□
□
□
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
○
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△ △△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△ △
△
△
△
△
△
△
△
△
△
△
△
△
△
△
△
♢ ♢
♢
♢
-0.5 0.0 0.5 1.0 1.5 2.0 2.5
-26.0
-25.5
-25.0
-24.5
-24.0
-23.5
-23.0
-22.5
Log Rc (kpc)
Lo
g
ρ o
(g/cm
3
)
r0
Figure 15. Structural properties of LSB galaxies obtained by the analysis of individual rotation curves (see Tab. A1 in Appendix A).
The modelling assumed either the maximum disc hypothesis (blue squares) or the stellar mass to light ratio M∗/L from the population
synthesis model (red circles) or the value of the M∗/L as a free parameter (green diamonds). These relationships are compared with those
obtained by means of the URC method (red lines) (Di Paolo et al. 2019a). In the upper panel: the stellar disc scale length vs the mass
of the stellar disc. In the central panel: halo core radii vs the stellar disc scale lengths. In the lower panel: the central density of the DM
halo vs the core radius. Image reproduced from Di Paolo 2020(Fig. 4.2 - 4.3).
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Figure 16. LSBs rotation curves (in normalised radial units) arranged in five optical velocity bins. In this and in the following figures,
purple, blue, green, orange and red colors are referred to the rotation curves of the I, II, III, IV and V optical velocity bins, respectively.
Image reproduced from Di Paolo et al. 2019a(Fig.4).
them are extended out to ' 5.5Rd. Furthermore, the RCs are comparable also in their amplitudes when expressed in double
normalised units, i.e. by dividing their amplitude V(r) by the value of their optical velocity Vopt .
Overall, in each of the 5 Vopt bins, the double normalisation make the RCs very similar. After this, one performs a radial
binning in each of the five Vopt bins and evaluates the average velocity in each radial bin giving rise to five coadded rotation
curves that represent the full kinematics of LSBs.
It is worth emphasizing the advantages of these RCs: their building erases the peculiarities and much reduces the observa-
tional errors of the individual RCs. In detail, the five extended and smooth RCs have an uncertainty at the level of 5%− 15%.
Then, by multiplying the coadded RCs by the corresponding 〈Vopt 〉, one obtains the coadded RCs which are shown in Fig.
17. The difference in the profiles corresponding to galaxies with different optical velocities Vopt is evident.
These coadded RCs data are modeled, as in normal spirals (Salucci et al. 2007), with an analytic function V(r) which
includes the contributions from the stellar disc Vd and from the DM halo Vh; for the fifth optical velocity bin (related to the
biggest LSBs) a bulge component Vbu is also introduced (Morelli et al. 2012; Das 2013). The specific analytical functions are
reported in section 5: Eq. 6 for the stellar exponential disc, Eq. 9 for the stellar bulge, Eq. 11-12 for the spherical DM halo,
finally the total RCs amplitude V(r) is given by the sum in quadrature of the various contributions according to Eq. 4.
Let us recall that, in first approximation, the inclusion in the model of a HI gaseous disc component can be neglected
(subsection 5.2). A direct test in Di Paolo et al. (2019a) (Appendix F) shows that this assumption does not affect the mass
modelling of the analysed LSBs.
The assumption of a cored DM profile is well justified by the outcome of the individual RCs modeling (see e.g. de Blok
et al. 2001; de Blok & Bosma 2002; Kuzio de Naray et al. 2008; Bullock & Boylan-Kolchin 2017). In Di Paolo et al. (2019a),
in fact, the DM halo profile is modeled as the Burkert one (Burkert 1995; Salucci & Burkert 2000).
By fitting each of the five coadded RCs by means of the URC model, the best values of their three free structural
parameters are obtained, i.e, the mass of the stellar disc Md, the central constant density of the DM halo ρ0 and its core
radius r0. In the model, the baryonic fraction can be quantified as function of the radial coordinate r:
fb(r) = V2b (r)/V2(r) , (14)
where the baryonic contribution V2
b
(r) = V2
d
(r) + V2HI (r) + V2bu(r) takes into account the stellar disc, the gaseous disc and the
stellar bulge, respectively. The total contribution V2(r) = V2
b
(r)+V2
h
(r) includes the baryonic plus the dark matter component.
This allows one to derive the baryonic and the DM contribution to the total velocity rotation curves V(r), as shown in Fig.
17. The baryonic fraction as function of the normalised radius r/Ropt is shown in Fig. 18. From Fig. 17, one can realise that,
in the inner regions of the LSB galaxies, the stellar component is dominant; while, on the contrary, in the external regions, the
DM component is the dominant one. Moreover, the transition radius between the region dominated by the baryonic matter
and the region dominated by the dark matter increases with the normalised radius when moving from galaxies with the lowest
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Figure 17. In each panel the velocity best-fit models to the corresponding coadded RCs are shown. The dashed, dot-dashed, dotted
and solid lines indicate the stellar disc, the DM halo, the stellar bulge and the total model contribution to the circular velocities. Image
reproduced from Di Paolo et al. 2019a(Fig.7).
Figure 18. Baryonic fraction as function of r/Ropt , derived by the URCs of dwarf disc galaxies (black line, with 〈Vopt 〉 = 40 km/s)
(Karukes & Salucci 2017) and of LSBs (purple, blue, green, orange and red, with: 〈Vopt 〉 = 43, 73, 101, 141, 206 km/s) (Di Paolo et al.
2019a). Image reproduced from Di Paolo et al. 2019b(Fig.2).
Vopt to galaxies with the highest Vopt . A similar behaviour was also observed in normal spiral galaxies (Persic et al. 1996;
Lapi et al. 2018).
11 LSBS SCALING LAWS
The mass models of the five coadded RCs provide us with the structural parameters of the LSBs. They allow us to build the
scaling relations characterising these galaxies and to retrieve the structural properties from the individual RCs by means of
a denormalisation method, described in detail in Di Paolo et al. (2019a). The resulting structural properties are reported in
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Figure 19. Left panel: relationship between the DM halo core radius and the stellar disc scale length. Right panel: relationship between
the stellar disc mass and the optical velocity. The largest points refer to the values of the five velocity bins, while the smallest points refer
to the values of each LSB galaxy. The LSBs best fit Log r0 = 0.60 + 1.42 Log Rd (solid line) is compared to that of the normal spirals
(dashed line) (e.g. Lapi et al. 2018). The black triangle represents the relationship in dwarf disc galaxies (Karukes & Salucci 2017). Image
reproduced from Di Paolo et al. 2019a(Fig.8-9).
Tab. B1-B2 in Appendix B. It is very important to compare the LSBs results with those obtained by the URC analysis of
normal spirals (Lapi et al. 2018) and dwarf disc galaxies (Karukes & Salucci 2017).
11.1 Structural relationships
A particularly relevant relationship is shown in Fig. 19 (left panel): the stellar disc scale length and the DM core radius of the
five velocity models are strongly correlated. The former is evaluated by means of accurate mass modelling of galaxy kinematics,
while the latter is directly derived from galaxy photometry. This relationship has been confirmed in e.g. Persic et al. (1996);
Karukes & Salucci (2017); Lapi et al. (2018) and highlights an amazing entanglement between the luminous matter and the
dark matter in galaxies of different luminosity and type. Such finding is hard to be explained unless a fine-tuned process in
galaxy formation or some unknown and exotic particle interaction have occurred (Gentile et al. 2009). Indeed, to envisage such
tight relationship (left panel in Fig. 19) as originated by known astrophysical processes across galaxies that have experienced
significantly different evolutionary histories seems impossible.
In Fig. 19 (right panel) the relation between the stellar disc mass and the optical velocity is shown. The LSB data are
well fitted by:
Log Md = 3.12 + 3.47 LogVopt . (15)
This relationship must be compared with that of the normal spirals and with that of dwarf discs. In these two cases, an
average difference of 0.2 dex and 0.7 dex emerges.
Next, Fig. 20 (left panel) shows the relation between the DM halo central density and the core radius, which indicates
that the highest densities are in the smallest galaxies, as also found in normal spirals Salucci et al. (2007):
Log ρ0 = −23.15 − 1.16 Log r0 . (16)
The LSB best fit line lies 0.2 dex below the HSB one. Despite the error-bars, probably this could be linked to an original
DM density lower in LSBs than in HSBs. Moreover, the central surface density (Σ0, expressed in units of M/pc2) follows the
relationship (see right panel in Fig.20):
Log Σ0 = Log (ρ0r0) ' 1.9 . (17)
Remarkably, this relationship extends over 18 blue magnitudes and over objects spanning from dwarf to giant galaxies (Spano
et al. 2008; Gentile et al. 2009; Donato et al. 2009; Plana et al. 2010; Salucci et al. 2012; Li et al. 2019; Chan 2019). This
behavior cannot be easily explained, as well as the equation of Fig. 19, by currently known physical process.
As regard as the properties of the stellar disc, a correlation between its mass Md and its scale length Rd has clearly emerged
(left panel in Fig. 21):
Log Rd = −3.19 + 0.36 Log Md (18)
Analogously (but with much less currently known physical meaning), a correlation between the mass of DM halo Mvir
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Figure 20. Left panel: the relationship between the central DM halo mass density and its core radius. Right panel: surface density
Σ0 = ρ0Rc versus the optical velocities Vopt (LSBs in red points). Also shown the scaling relation obtained by Donato et al. 2009 (yellow
shadowed area) and Burkert 2015 (light blue shadowed area). The black triangle represents the dwarf discs (Karukes & Salucci 2017).
Image reproduced from Di Paolo et al. 2019a(Fig.10).
Figure 21. Left panel: relationship between the stellar disc scale length and the stellar disc mass. Right panel: relationship between the
DM halo core radius and the virial mass. Image reproduced from Di Paolo et al. 2019a(Fig.13-18).
and the core radius r0 has also been found (right panel in Fig. 21):
Log r0 = −5.32 + 0.56 Log Mvir . (19)
Then, the baryonic fraction (and so the DM fraction) relative to the entire galactic halo is analysed. Fig. 22 shows that
the lowest fraction of baryonic content resides in the smallest galaxies (with the smallest stellar disc mass Md). This ratio
increases going towards larger galaxies and then reaches a plateau from which it decreases. This finding is in agreement with
the inverse “U-shape” of previous works relative to normal spirals Lapi et al. (2018). Furthermore, the result follows, in the
low mass range, the trend found by Moster et al. (2010, 2013) for all Hubble types, including a large number of elliptical
galaxies of high M∗. Although the consequences of this relation must still be entirely investigated, certainly it implies a less
efficient star formation in the smallest LSBs.
11.2 Comparison between individual and stacked (URC) LSBs analysis
Overall, it is extremely important that the relationships found by means of the URC method in Di Paolo et al. (2019a) are
in agreement with the outcome of works in which an individual modelling of the rotation curves was performed (see Fig. 15).
Indeed, the small emerging differences are due to:
a) differences in the adopted DM profiles, especially when the RCs data are extended up to ' 2 Ropt ;
b) differences in the mass modeling process (see subsection 5.5);
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Figure 22. Fraction of baryonic matter in LSBs versus their mass in stars (points) compared with that of: normal spirals (dashed line)
(Lapi et al. 2018), various Hubble types (black solid line) (Moster et al. 2010) and dwarf discs (black dot-dashed line) (Karukes & Salucci
2017). Image reproduced from Di Paolo et al. 2019a(Fig.11).
Figure 23. LSBs stellar specific angular momentum (points) and its best fit (solid red line) compared with the normal spirals relationship
(red dashed line) (Lapi et al. 2018) and with the relation j∗ ∝ M2/3 (black line) by Romanowsky & Fall 2012. Image reproduced from
Di Paolo 2020(Fig. 4.11).
c) the limited number of the analysed galaxies (72 galaxies in the URC method vs ∼ 30 in the individual RC analysis).
Finally, the spread of data in Fig. 15 might underline the presence of a new structural parameter for LSBs as that in
dwarf discs: the compactness. See next section 13.
12 ANGULAR MOMENTUM
The LSB kinematics and photometry allow us to evaluate the specific angular momentum (per unit mass) of the stellar
component j∗ by means of the relation j∗ = 2 fRRdVopt (see Romanowsky & Fall 2012), where fR =
∫
dx x2e−xV(xRd)/2Vopt is
the shape factor (of order unity). In Fig. 23, the relationship between j∗ and the mass of the stellar disc Md is shown:
Log j∗ = −3.51 + 0.62 Log Md . (20)
The LSB relation concerning the angular momentum is in agreement with that obtained for normal spirals (Lapi et al.
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2018) and with the relation with slope j∗ ∝ M2/3 for pure discs advocated by Romanowsky & Fall (2012). The specific angular
momentum of the DM halo jh is defined as (see Mo et al. 1998, 2010) jh =
√
2λRhVh, where Rh ≡ Rvir , Vh is given by the relation
V2
h
= G Mvir/Rvir and λ is the spin parameter of the host DM halo, with an average value 〈λ〉 ≈ 0.035 nearly independent
of mass and galaxy redshift (from numerical simulation: Barnes & Efstathiou 1987; Bullock et al. 2001; Maccio` et al. 2007;
Zjupa & Springel 2017).
We stress that, the fraction between the j∗ and jh allows one to find the amount of the halo (primordial) angular
momentum retained by the stellar disc component:
fj =
j∗
jh
' 0.55 . (21)
This quantity is nearly constant in the whole LSB sample, with individual values ranging from 0.45 to 0.7. According to
the standard and the simplest theory of disc formation, the sharing and conservation of angular momentum between baryons
and DM should imply fj ≈ 1 (see e.g. Romanowsky & Fall 2012). However, the average value for LSBs is lower, as well as that
found in normal spirals (i.e. fj ' 0.8 Lapi et al. 2018). We claim that fj values below 1 are due to the inhibited collapse of
the high angular momentum gas located in the outermost region of the primordial halo (Fall 1983; Shi et al. 2017). Probably,
the inhibition of the high angular momentum gas collapse in LSBs is not due to the stellar feedback as in normal spirals, but
is due to their very low surface density and the (consequently) very slow star formation, which have not involved the very
external region of galaxies.
13 THE COMPACTNESS IN LSBS
The above LSBs relationships show a large scatter, on average σ ' 0.34 dex, more than three times than the value (σ ' 0.1
dex in Yegorova & Salucci 2007; Lapi et al. 2018) found in normal spiral galaxies for the same relations.
The scatter in the LSBs scaling relations can be reduced. One proceeds with the URC building by introducing a new
parameter, the compactness of the stellar mass distribution C∗. This parameter was first adopted in Karukes & Salucci (2017)
to cope with a similar large scatter in the above scaling relations emerging in the dd galaxies. In short, such large scatter is
due to the fact that galaxies with the same stellar disc mass Md (or Vopt) do show very different values of the quantity Rd
(i.e. at fixed Vopt , Log Rd can vary up to ' 1dex). See Fig. 14 and Fig. 21 (left panel). The compactness is defined starting
from Eq. 18 (see left panel in Fig. 21). Following Karukes & Salucci (2017), C∗ is set by means of the following relation:
C∗ =
10(−3.19+0.36 Log Md )
Rd
, (22)
where Rd is measured from photometry. In Eq. 22 we realise that C∗ measures, for galaxies with a fixed Md, the deviation
between the observed Rd value and the “expected” one from Eq. 18. In short, at fixed Md, galaxies with the smallest Rd have a
high compactness (LogC∗ > 0), while galaxies with the largest Rd have a low compactness (LogC∗ < 0). It is very remarkable
that the scatter σ ' 0.34 dex of the above 2D relations is reduced to σ ' 0.06 dex when the third variable C∗ is added as an
extra parameter. The resulting scatter is smaller than the typical values obtained for normal spirals.
In analogy with the quantity C∗, one also introduces CDM , i.e. the compactness of the DM halo. This describes the cases
in which DM halos with the same virial mass Mvir exhibit different values for the core radius r0. The Mvir vs r0 relationship
is shown in Fig.21(right panel) alongside with the best fit linear relation, described by Eq. 19. Then, according to Karukes &
Salucci (2017), the compactness CDM of the DM halo is defined as:
CDM =
10(−5.32+0.56 Log Mvir )
r0
. (23)
Thus, at fixed Mvir , galaxies with smaller r0 have higher DM compactness, while galaxies with larger r0 have lower DM
compactness.
The latter not only is a new quantity which helps in building tight relationships among the structural properties of galax-
ies, but also has a very intrinsic relevant property. In fact, the compactness of the stellar disc strongly correlates with the
compactness of the DM halo. See Fig. 24. Remarkably, galaxies with high C∗, also have high CDM :
Log C∗ = 0.00 + 0.90 LogCDM . (24)
with a mild scatter. This relationship is in very good agreement with that obtained for dd galaxies (Karukes & Salucci 2017).
Similar relations of no clear physical understanding are found for two very different types of galaxies (LSBs and dds). The
strong relationship between the two compactnesses certainly indicates that the stellar and the DM distributions follow each
other very closely.
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Figure 24. Relationship between the compactness of the stellar disc and the compactness of the DM halo (red points). The black
triangles refer to the dwarf discs of Karukes & Salucci 2017. The solid and the dot-dashed lines are the best fit relations for LSBs and
dwarf discs. Image reproduced from Di Paolo et al. 2019a(Fig. 19).
Figure 25. LSBs universal rotation curve (URC) (Eq. 21-22 in Di Paolo et al. 2019a), with compactness LogC∗ = 0, and the individual
72 LSBs rotation curves above it. Image reproduced from Di Paolo et al. 2019a(Fig. 15).
14 THE LSBS UNIVERSAL ROTATION CURVE
Following Persic et al. (1996), the URC-LSB in physical units VURC (r/Ropt,Vopt,C∗) can be built with the inclusion of the
new parameter C∗ (see Di Paolo et al. 2019a for details). In Fig. 25 the URC is plotted with LogC∗ = 0, corresponding to
the case in which all the LSBs data in Fig. 21 are lying on the regression line, i.e the case in which the spread of data in
Fig. 14 is small. The analytic curve shown in Fig. 25 is in good agreement with the LSBs individual rotation curves. The
average discrepancy between the individual velocity data and the URC predicted values is ∆V/V ' 19%. Remarkably, when
observational errors, systematics, non- circularities and bulge component are taken into account in the individual RCs, the
above discrepancy is reduced to ∆V/V ' 8%. This result, similar to that found in normal spirals (Persic et al. 1996), highlights
the success of the URC concept and method in describing the whole kinematics of the LSBs.
In Fig. 26, the URC relative to three different values of stellar compactness is shown. See also Appendix C, where all the
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Figure 26. Universal rotation curves (URC) in physical velocity units for three different values of stellar compactness: low (LogC∗ =
−0.45), standard (LogC∗ = 0.00) and high (LogC∗ = +0.35) stellar compactness, respectively in blue, yellow and red colors. The figure
in the second panel is that of the first panel when rotated by 180◦ around the velocity axis. Image reproduced from Di Paolo et al.
2019a(Fig. 16).
72 RCs are plotted alongside their URC fit, highlighting the success of the URC method on individual rotation curves, as also
in Yegorova & Salucci 2007; Gammaldi et al. 2018; Fune 2018.
By summarising:
i) the compacteness is linked to the spread of the Vopt - Rd relationship (Fig 14);
ii) the compactness is a main source for the large scatter (σ ' 0.34) in the 2D scaling relations (see Fig. 19-20);
iii) the profiles of the various RCs depend on the compactness (see e.g. Fig. 16). Thus, the spread in the profiles of the
individual RCs in each Vopt bin is due to its large size and to the different values of C∗ of the galaxies in the bin.
The LSBs URC provides us with the extremely important information to test specific density profiles (e.g. NFW, WDM,
Fuzzy DM) and alternatives to dark matter (e.g. MOND). All these models must reproduce both the LSB-URC and the LSBs
scaling relations that involve both Vopt and C∗.
15 LOW SURFACE BRIGHTNESS GALAXIES AND THE GRAVITATIONAL ACCELERATION
The LSB galaxies, alongside with the dwarf disc galaxies, turn out to be important in order to establish a universal relation
between the radial gravitational acceleration g, its baryonic component gb and the normalised galactic radius x ≡ r/Ropt
where they are evaluated (Di Paolo et al. 2019b). This result bears a crucial importance for the claim of McGaugh et al.
(2016): a relationship between the two apparently unrelated accelerations g and gb (see below and Fig. 3 in McGaugh et al.
2016).
In rotating systems, the galaxy gravitational potential Φtot and the radial acceleration g(r) of a point mass at distance r
are linked by the following relationship: g(r) = V2(r)/r = | − dΦtot (r)/d r |, with V(r) the circular velocity. The baryonic com-
ponent of the radial acceleration is given by: gb(r) = V2b (r)/r = | − dΦb(r)/d r |, where Vb is the baryonic contribution to the
circular velocity.
The dark matter contribution gh to the radial acceleration g is given by:
gh(r) = g(r) − gb(r) . (25)
Notice that all these quantities depend on radius. Di Paolo et al. (2019b) consider that, in each object:
g(r) = V2(r)/r
gb(r) = fb(r)g(r) , (26)
where fb(r) is the baryonic fraction, function of Vopt and r (see Fig. 18 in the previous section). Notice that g(r) is derived
completely from observations, while gb(r) is obtained both from observations and from rotation curve modeling. The g vs
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Figure 27. Relationship between the total acceleration g and its baryonic component gb . x = r/Ropt . Red, magenta and blue colors
correspond to radial bins with increasing distance from galactic center (see legend). Also shown: the Eq.27 (green line) with its 1σ
errorbars of 0.11 dex (dashed green lines); the Newtonian relationship Log g = Log gb (brown line). Image reproduced from Di Paolo
et al. 2019b(Fig.1).
gb relationship, obtained for dd and LSB galaxies, is shown in Fig 27. This is compared with the McGaugh et al. (2016)
relationship coming from the analysis of 153 galaxies, primarily normal spirals. McGaugh et al. (2016) claimed that the radial
acceleration g(r) shows an surprising feature: it correlates, at any radius and in any object, with its component generated
from the baryonic matter gb(r) in a way that it is i) very different from the g = gb relationship expected in the Newtonian
case without DM and ii) of difficult understanding also in the standard Newtonian + dark matter halos scenario.
In more detail, the pairs (gb, g) in their data analysis, are fitted by the following relationship:
g(r) = gb(r)
1 − exp
(
−
√
gb (r)
g˜
) , (27)
with g˜ = 1.2× 10−10 ms−2. See Fig. 3 in McGaugh et al. 2016. At high accelerations, g  g˜, Eq. 27 converges to the Newtonian
relation g = gb; while, at lower accelerations, g < g˜, Eq. 27 strongly deviates from the latter (McGaugh et al. 2016; Li et al.
2018).
It is very important to stress that a similar g− gb relationship, but with higher internal scatter, is found in Salucci (2018)
for a sample of ' 2300 normal spirals. Noticeably, this relationship has been obtained also with the same method of Di Paolo
et al. (2019b), clarifying that discrepancies between the various relationships do not arise from the adopted building methods.
Di Paolo et al. (2019b) found that the universality of the g(gb) relation, holding in normal spirals (McGaugh et al. 2016;
Salucci 2018) breaks down in the LSBs samples. See Fig. 27. The scatters of dd and LSB individual objects data with respect
to the McGaugh et al. (2016) relation are very relevant and amount to 0.17 dex and 0.31 dex respectively. Di Paolo et al.
(2019b) realised that this is due to the fact that:
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Figure 28. Relation among total acceleration g, baryonic acceleration gb and normalised radii r/Ropt , from different points of view.
The magenta and blue points refer to dd and LSB galaxies data respectively. The blue surface is the result from the best fitting
model for LSBs: Log g
LSB
(x, Log gb ) = (1 + a x) Log gb + b x Log [1 − exp(−
√
gb (x)/g˜)] + c x + d x2, where the parameters a, b, c, d
assume the best-fit values -0.95, 1.79, -9.01, -0.05 respectively. The magenta surface is the result from the best fitting model for dds:
Log gdd (x, Log gb ) = Log gLSB
(
x
l + h,
Log gb
m + n
)
+ q, where the parameters l, h, m, n, q assume the best-fit values 0.49 , 2.41 , 0.74
, 1.72 , 1.19 respectively. Image reproduced from Di Paolo et al. 2019b(Fig.3).
i) the relationship between g and gb necessarily must involve also the position x = r/Ropt where the two accelerations are
measured;
ii) one must consider the detected coupling between the baryonic fraction inside Ropt and the galaxy reference velocity
Vopt . The McGaugh et al. (2016) relationship with only two quantities involved cannot follow the complex distribution of
luminous and dynamical mass in galaxies of different luminosity/mass.
The emerging relationship following both the McGaugh et al. (2016) idea and the entangled distribution of mass in galaxies is
shown in Fig. 28 (hereafter GGBX relation). Its scatter is only 0.05 dex, i.e. reduced to 1/6 of that from the McGaugh et al.
(2016) relation. The scatter of dd with respect to the fitting surface is as small as 0.03 dex, about 1/5 of the scatter from the
McGaugh et al. (2016) relation.
In brief, the GGBX relationship shows almost zero intrinsic scatter. This is extremely remarkable, implying a tight re-
lation linking the total and the baryonic acceleration, the galactocentric distance r/Ropt and the morphology of galaxies. In
the Newtonian gravity paradigm, the above amazing relationship is expected to indicate properties of the DM component.
In order to have an interpretation of the previous results, it is useful to see what happens in individual galaxies. Fig. 29
shows g(r) and gb(r) for one dd galaxy and for five LSB galaxies corresponding to the above five different optical velocity bins.
One notes that:
i) larger galaxies, with larger optical velocity, achieve higher values of both the total and the baryonic acceleration (McGaugh
et al. 2016 and Salucci 2018); g and gb increase with radius up to r ∼ Rd (= Ropt/3.2) and then decrease as a direct consequence
of the complex DM distribution in disc galaxies. See Fig. 30 and Sections 5.2-5.3 in Di Paolo (2020).
Fundamental properties of the dark and the luminous matter from Low Surface Brightness discs 29
Figure 29. Relation among total acceleration g (in ms−2), baryonic acceleration gb (in ms−2) and normalised radii r/Ropt , for one dd
galaxy (black) and five LSB galaxies belonging to the five different Vopt bins (purple, blue, green, orange and red). The magenta and
blue surfaces are the dd and LSB fitting models (left panel); the uppermost green and the lowest brown surfaces are the Eq. 27 and the
Newtonian relations (right panel). A narrow/wide boomerang shape (related to the fb (r) profile) are in large/small galaxies. The two
boomerang sides emerge only when there are enough RC data both inside and outside the disc scale length Rd . Image reproduced from
Di Paolo 2020(Fig. 5.4).
Figure 30. Relations between the components of gravitational acceleration and the normalised radii: Log gb − r/Ropt (orange line and
points) , Log gh − r/Ropt (magenta), Log g − r/Ropt (blue), where gb is the baryonic acceleration component, gh is the dark matter
halo component and g is the total acceleration. In the panels: a dwarf disc galaxy (Vopt = 55 km/s), a small LSB (Vopt = 37 km/s) and
a large LSB (Vopt = 240 km/s). Image reproduced from Di Paolo 2020(Fig. 5.5).
ii) the deviations between g and gb are larger and, therefore, more evident in smaller galaxies (see Fig. 30) as result of their
much larger content of DM at any radius (see Fig. 17-18); moreover, variations of the difference between Log g and Log gb are
larger when the baryonic fraction fb decreases very rapidly with radius x. See Fig. 18-30.
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Figure 31. Original (red) and present-day (blue) DM density profile ρDM around galaxies as a function of radius r and halo mass Mvir .
Image reproduced from Salucci et al. 2007(Fig.6).
In conclusion, the actual dark and luminous matter distribution in LSBs and in dd galaxies are the origin of the detected
GGBX relationship, whose the McGaugh et al. (2016) relationship is a simplified two variables representation.
16 A DIRECT INTERACTION BETWEEN LUMINOUS AND DARK MATTER FROM THE
STRUCTURAL PROPERTIES OF THE LSBS?
The analysis of the matter distribution in galaxies leads us to realise the profound interconnection that is present between
the luminous component and the dark component. They, indeed, are linked by tight scaling relationships (see e.g. Section 11
and Lapi et al. 2018). Furthermore, galaxies of different morphologies and different star formation history follow analogous
scaling relations (Section 11).
Remarkably, the r0 − Rd relationship (Fig. 19) emerges of extraordinary interest. In the latter, in fact, the DM core radius
r0 and the stellar disc scale length Rd are derived in totally independent ways. This entanglement (see Fig. 19) can hardly be
arisen spuriously or in a collisionless DM scenario, unless unlikely fine-tuning processes have occurred (see also e.g. Dutton
et al. 2019). Moreover, the difficulty in explaining such relationship is enhanced in LSB galaxies. In fact, in these objects, the
very low SFR over their entire life is likely to make the baryonic feedback not strong enough to modify the original distribution
of DM which, let us stress, shows core radii even larger than in spiral galaxies (see sections 4-7).
The above entanglement, alongside with the lack of detection of a collisionless DM particle, motivates one to propose
the existence of a direct interaction between the dark and the luminous matter components. The DM particle is thought to
interact (other than through gravity) with standard matter particles over the Hubble time and in the inner regions of galaxies
(where collisionless particles do not reproduce the observed distribution of DM (Salucci et al. in prep.)).
Let us point out that in such (new) collisional DM scenario, crucially, the DM particle - SM particle interactions have left
behind, at galactic scales, a number of imprints. In this crime scene we realise the existence of cores in the DM distribution
and a strong entanglement between the distributions of the dark and the luminous components. Remarkably, one can derive
how much dark mass has been removed by this process to form the present day DM halo profiles.
Halos around disc galaxies were formed at high redshifts in a free fall time of 107−8.5 yr , i.e. in a time much smaller than
the collisional time (assumed to be ' 1010 yr). In this scenario DM halos were created with a NFW profile Navarro et al.
(1996b) as recovered in the outermost regions of the present day dark halos. Salucci et al. (2007) found that outside r0, i.e.
the region inside which the collisional interactions have mostly taken place in the past 10 Gyr, the DM density profile is well
reproduced by
ρDM,cusp(r, c,Mvir ) = Mvir4piRvir
c2g(c)
x˜(1 + cx˜)2 , (28)
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where Rvir is the virial radius, x˜ = r/Rvir is the radial coordinate, Mvir is the virial mass enclosed in Rvir , c ' 14 (Mvir/(1011M))−0.13
is the concentration parameter and g(c) = [ln(1 + c) − c/(1 + c)]−1 (see Salucci et al. (2007)).
Eq. 28 describes the density distribution of the DM halo before that the DM-LM interaction took place. In Fig. 31 one
can see it compared with the present dark halos density distributions for the whole family of spirals. The cores of DM halos
were therefore formed from the center outwards, as the time from the galaxy virialization went by. Dark matter halos, when
observed at high red-shift z, should show significantly smaller core radii than those in local spirals of the same mass.
In the present-day halo the amount of the DM which has been removed (over the Hubble time) from a volume centered
at the galaxy center and of radius r0 is:
∆MDM (r0) = 4pi
∫ r0
0
(ρDM,cusp(r,Mvir ) − ρDM (r,Mvir ))r2dr . (29)
This amount ranges from 40 % to 90 % the primordial one and it is 1/100 of the present halo mass Mvir .
It is worth to conclude by stressing that the dark-luminous entanglement emerged in LSB galaxies is compatible with the
above exotic nature of the dark particle.
CONCLUSIONS
For a very long time, astronomical observations have been pointing to the existence of a large amount of matter, namely
the DM, beyond the standard luminous (baryonic) matter. However, the DM puzzle is still unresolved. In this review we
have discussed the main concepts concerning the knowledge of the DM properties, with the related achievements and issues.
More precisely, the focus has been on the Low Surface Brightness (LSB) galaxies. For these objects, we also introduced their
astrophysical properties, obtained over the last three decades.
We reported the main results obtained in Di Paolo et al. (2019a), where the LSBs have been investigated by means of
the universal rotation curve (URC) method (like in Persic et al. 1996), which allows one to obtain, for different families of
disc galaxies, their universal mass structure. This, remarkably, depends on few galactic parameters, such as the optical radius
Ropt and the optical velocity Vopt .
The analysis provides us with the URC-LSB and its structural model in terms of a Freeman stellar disc and a Burkert
cored DM halo. This universal rotation curve (Fig. 25-26) is analytically written in Eq. 21-22 in Di Paolo et al. 2019a. It well
describes the individual rotation curves of LSBs and its internal error is only ∆V/V ' 8%; see also Fig. C1-C2-C3-C4-C5 in
Appendix C.
Furthermore, the URC method provides us with tight scaling laws among the luminous and the dark matter structural
properties as in (Persic et al. 1996; Karukes & Salucci 2017; Lapi et al. 2018). Among them, one should highlight especially:
1) the equation in Fig. 19 involving the stellar disc scale length Rd and the DM core radius r0 and 2) Eq. 16 involving the
DM halo central density ρ0 and r0. Their existence in LSBs has no direct explanation for a collisionless DM particle.
In is worth noticing also Eq. 20-21 related to the angular momentum in these special disk galaxies. These relationships
are very similar to the respective ones in normal spirals (high surface brightness, HSB) again difficult to be framed in the
standard collisionless dark particle scenario.
It is worth to point out that these scaling laws, e.g. Eq. 16, seem difficult to be reproduced also within scenarios alternative
to the ΛCDM one, such as ULA, SIDM, sterile neutrino (fermionic WDM). Indeed, they are not able to produce DM core
radii largely varying with the objects’ mass and/or bigger than ' 5 kpc, as instead we observe.
In Di Paolo et al. (2019a), the analysis of the LSBs rotation curves shows the necessity of involving a new parameter, the com-
pactness C∗, a parameter related to the spread of the Vopt − Rd relationship (Fig. 14) and that help describing the kinematics
of LSB galaxies, as well as that of dwarf discs (Karukes & Salucci 2017). The dependence of the galaxy scaling laws on this
new quantity (in addition to Ropt and Vopt) gives rise to a new challenge for the ΛCDM N-body+hydrodynamical simulations.
It is useful to exploit the structural properties of LSBs to investigate the relation between the gravitational acceleration
relation g and its baryonic component gb claimed by McGaugh et al. (2016). With LSBs (and dwarf disc galaxies) we realize
that, in order to build a physical suitable relationship, one has to involve in it also the normalised galactic radius x ≡ r/Ropt
where g and gb are evaluated. This leads to a new relationship with much smaller intrinsic scatter, that also highlights a
strong entanglement between the dark and the luminous matter.
Finally, there are severe problems for the collisionless ΛCDM scenario in explaining the structures of LSBs (e.g. their DM
cores) which are objects with very low star formation rate at any time. Then, the baryonic feedback seems negligible in this
context: however, also in these objects, core radii r0 and disc scale lengths Rd are tightly correlated. See also de Blok & Bosma
(2002); Kuzio de Naray & Spekkens (2011). The above arguments, plus the undetected WIMP particle, lead one to strongly
consider the existence of a direct LM-DM interaction (in addition to the gravitational one). This LM-DM interaction might
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be a necessary key for understanding the DM phenomenon, for reproducing the observed cores in the galactic DM halos and
the empirical relationships between the galactic properties.
Further studies are needed in order to have a better understanding about the LSBs: these will yield important informa-
tion on the galaxy formation/evolution and the DM phenomenon. In particular, we need:
a) to enlarge the LSBs rotation curves sample and their resolution in order to have a better knowledge of the LSB galaxies
properties and of the LM and the DM relationship. A larger statistic will also allow us a better approach of the URC method,
involving the compactness C∗ from the beginning of the rotation curves analysis;
b) to study the giant LSBs, special objects which are often made of a HSB disc embedded in a large LSB disc. Likely,
dwarf and giant LSBs can have different evolutionary history (e.g. Matthews et al. 2001);
c) to analyse some extreme cases of LSBs which show some peculiarities making them different from most of the standard
LSB discs. Indeed, most of them are very blue, but some of them are very red (e.g. Burkholder et al. 2001); most LSBs have
low metal content, but some of them show near solar abundances (Bell et al. 2000); they can be dwarfs, but also giants with
different properties than those of other LSBs (e.g. Boissier et al. 2016). We must also frame those which have a bulge and/or
a central AGN (e.g Mishra et al. 2018);
d) to understand the reasons (systems isolation and/or the spin parameter (Dalcanton et al. 1997b; Boissier et al. 2003;
Di Cintio et al. 2019)) of the lower gas surface density in LSBs;
e) to understand the systematic difference ' 0.2dex between most of the relationships obtained for LSBs and and the
corresponding ones in normal spirals (e.g. Fig. 19-20-22);
f) to envisage observations in LSBs (as well as in other Hubble Types), that could reveal the presence of a LM-DM
particle interaction;
g) to obtain observations at high redshifts. This will allow us to deep the knowledge on the evolution of the luminous and
the dark matter distribution. One will also obtain decisive evidences for the actual DM scenario.
Finally it goes without saying that a large flux of observations will come from measurements from radio telescopes as
ALMA and SKA and from optical (near infrared/visible light) telescopes as WFIRST and ELT.
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Galaxy Reference Galaxy Reference
NGC 100 de Blok & Bosma (2002) UGC 11557 Swaters et al. (2003)
NGC 247 Carignan & Puche (1990) UGC 11583 de Blok et al. (2001)
NGC 959 Kuzio de Naray et al. (2008) UGC 11616 de Blok et al. (2001)
NGC 2552 Kuzio de Naray et al. (2008) UGC 11648 de Blok et al. (2001)
NGC 2552 de Blok & Bosma (2002) UGC 11748 de Blok et al. (2001)
NGC 2552 Swaters et al. (2003) UGC 11819 de Blok et al. (2001)
NGC 2552 van den Bosch & Swaters (2001) ESO 186-G055 Pizzella et al. (2008)
NGC 3274 de Blok & Bosma (2002) ESO 206-G014 Pizzella et al. (2008)
NGC 3274 Swaters et al. (2003) ESO 215-G039 Palunas & Williams (2000)
NGC 3347B Palunas & Williams (2000) ESO 234-G013 Pizzella et al. (2008)
NGC 4395 de Blok & Bosma (2002) ESO 268-G044 Palunas & Williams (2000)
NGC 4395 van den Bosch & Swaters (2001) ESO 322-G019 Palunas & Williams (2000)
NGC 4455 de Blok & Bosma (2002) ESO 323-G042 Palunas & Williams (2000)
NGC 4455 Marchesini et al. (2002) ESO 323-G073 Palunas & Williams (2000)
NGC 4455 van den Bosch & Swaters (2001) ESO 374-G003 Palunas & Williams (2000)
NGC 5023 de Blok & Bosma (2002) ESO 382-G006 Palunas & Williams (2000)
NGC 5204 Swaters et al. (2003) ESO 400-G037 Pizzella et al. (2008)
NGC 5204 van den Bosch & Swaters (2001) ESO 444-G021 Palunas & Williams (2000)
NGC 7589 Pickering et al. (1997) ESO 444-G047 Palunas & Williams (2000)
UGC 628 de Blok & Bosma (2002) ESO 488-G049 Pizzella et al. (2008)
UGC 634 van Zee et al. (1997) ESO 509-G091 Palunas & Williams (2000)
UGC 731 de Blok & Bosma (2002) ESO 534-G020 Pizzella et al. (2008)
UGC 731 Swaters et al. (2003) F561-1 de Blok et al. (1996)
UGC 731 van den Bosch & Swaters (2001) F563-V1 de Blok et al. (1996)
UGC 1230 de Blok & Bosma (2002) F563-V2 Kuzio de Naray et al. (2006)
UGC 1230 van der Hulst et al. (1993) F563-V2 de Blok et al. (1996)
UGC 1281 Kuzio de Naray et al. (2006) F565-V2 de Blok et al. (1996)
UGC 1281 de Blok & Bosma (2002) F568-1 Swaters et al. (2000)
UGC 1551 Kuzio de Naray et al. (2008) F568-3 Kuzio de Naray et al. (2006)
UGC 2684 van Zee et al. (1997) F568-3 de Blok et al. (2001)
UGC 2936 Pickering et al. (1999) F568-3 Swaters et al. (2000)
UGC 3137 de Blok & Bosma (2002) F568-6 Pickering et al. (1997)
UGC 3174 van Zee et al. (1997) F568-V1 Swaters et al. (2000)
UGC 3371 de Blok & Bosma (2002) F571-8 Marchesini et al. (2002)
UGC 3371 van den Bosch & Swaters (2001) F571-8 de Blok et al. (2001)
UGC 4115 de Blok et al. (2001) F571-V1 de Blok et al. (1996)
UGC 4278 de Blok & Bosma (2002) F574-1 Swaters et al. (2000)
UGC 5005 de Blok & McGaugh (1997) F574-2 de Blok et al. (1996)
UGC 5272 Kuzio de Naray et al. (2008) F579-V1 de Blok et al. (2001)
UGC 5272 de Blok & Bosma (2002) F583-1 Kuzio de Naray et al. (2008)
UGC 5716 van Zee et al. (1997) F583-1 Marchesini et al. (2002)
UGC 5750 Kuzio de Naray et al. (2006) F583-1 de Blok et al. (2001)
UGC 5750 de Blok & Bosma (2002) F583-1 de Blok et al. (1996)
UGC 5999 van der Hulst et al. (1993) F583-4 Kuzio de Naray et al. (2006)
UGC 7178 van Zee et al. (1997) F583-4 de Blok et al. (2001)
UGC 8837 de Blok & Bosma (2002) F730-V1 de Blok et al. (2001)
UGC 9211 van den Bosch & Swaters (2001) PGC 37759 Morelli et al. (2012)
UGC 11454 de Blok et al. (2001)
Table A1. LSB sample: galaxy names and references of their RCs and photometric data. Note that some galaxies have multiple rotation
curve data.
APPENDIX A: LSB GALAXIES SAMPLE AND REFERENCES
In Tab. A1, we report the list of the LSB galaxies of this work with their related references.
APPENDIX B: STRUCTURAL PROPERTIES OF LSB GALAXIES
In Tab. B1-B2 we report: the names of the LSB galaxies in our sample alongside their distances D, the stellar disc scale lengths
Rd and the optical velocities Vopt (all taken from literature). Furthermore, the table shows the values of the stellar disc mass
Md, the DM core radius r0, the central density of the DM halo ρ0, the virial mass Mvir , the central surface density Σ0 = ρ0 r0,
the compactness of the stellar mass distribution C∗ and that of the DM mass distribution CDM , all evaluated in this work.
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Name D Rd Vopt Md r0 Log ρ0 Mvir LogΣ0 LogC∗ LogCDM
Mpc kpc km/s 107 M kpc g/cm3 109 M M/pc2
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
UGC4115 7.8 0.4 24.2 6.3 1.1 -23.57 1.6 1.63 0.06 -0.15
F563V1 51.0 2.4 27.3 48 14 -25.30 27 1.01 -0.40 -0.57
UGC11583 5.9 0.3 27.9 6.5 0.7 -23.17 1.6 1.88 0.17 -0.00
UGC2684 8.2 0.8 36.7 29 2.9 -23.95 12 1.69 -0.00 -0.10
F574-2 66.0 4.5 40.0 192 33 -25.57 171 1.13 -0.45 -0.50
F565V2 36.0 2.0 45.2 110 11 -24.69 76 1.51 -0.19 -0.21
UGC5272 6.1 1.2 48.8 77 5.2 -24.11 42 1.77 -0.02 -0.04
UGC8837 5.1 1.2 49.6 79 5.2 -24.10 44 1.78 -0.02 -0.03
F561-1 63.0 3.6 50.8 250 25 -25.15 244 1.41 -0.31 -0.28
UGC3174 11.8 1.0 51.7 72 4.0 -23.88 36 1.89 0.04 0.04
NGC4455 6.8 0.9 53.0 68 3.4 -23.75 33 1.96 0.08 0.08
UGC1281 5.5 1.7 55.0 138 8.5 -24.36 96 1.74 -0.08 -0.05
UGC1551 20.2 2.5 55.8 211 15 -24.73 182 1.61 -0.18 -0.14
UGC9211 12.6 1.3 61.9 165 5.9 -24.10 66 1.84 0.06 0.01
F583-1 1.6 1.6 62.0 201 7.8 -24.29 90 1.77 0.00 -0.03
UGC5716 24.1 2.0 66.4 288 11 -24.45 150 1.75 -0.03 -0.04
UGC7178 24.0 2.3 69.9 367 13 -24.54 210 1.74 -0.06 -0.04
ESO400-G037 37.5 4.1 69.9 651 29 -25.09 502 1.55 -0.21 -0.18
NGC3274 0.47 0.5 68.0 75 1.5 -23.01 18 2.33 0.35 0.30
F583-4 49.0 2.7 70.5 438 16 -24.69 275 1.69 -0.10 -0.08
F571V1 79.0 3.2 72.4 549 21 -24.83 382 1.66 -0.14 -0.10
NGC5204 4.9 0.7 73.1 115 2.2 -23.24 33 2.27 0.30 0.27
UGC731 8.0 1.7 73.3 298 8.5 -24.20 147 1.90 0.04 0.05
NGC959 7.8 0.9 75.3 172 3.6 -23.57 60 2.15 0.21 0.21
NGC100 11.2 1.2 77.2 233 5.2 -23.81 96 2.07 0.15 0.16
NGC5023 4.8 0.8 78.4 160 2.9 -23.38 52 2.25 0.27 0.27
UGC5750 56.0 5.6 80.0 1171 46 -25.27 1125 1.56 -0.26 -0.18
UGC3371 12.8 3.1 82.0 681 20 -24.69 494 1.78 -0.09 -0.02
NGC4395 3.5 2.3 82.3 509 13 -24.40 312 1.89 -0.00 0.05
UGC11557 23.8 3.1 83.7 710 20 -24.67 520 1.80 -0.08 -0.01
UGC1230 51.0 4.5 90.0 1278 34 -24.99 1027 1.71 -0.15 -0.07
ESO206-G014 60.3 5.2 91.3 1531 42 -25.12 1338 1.67 -0.19 -0.10
NGC2552 10.1 1.6 92.0 475 7.8 -23.97 213 2.09 0.14 0.18
UGC4278 10.5 2.3 92.6 691 13 -24.32 386 1.96 0.04 0.10
UGC634 35.0 3.1 95.1 984 20 -24.59 662 1.88 -0.03 0.05
ESO488-G049 23.0 4.4 95.3 1410 33 -24.92 1159 1.76 -0.13 -0.03
UGC5005 52.0 4.4 95.5 1406 33 -24.92 1153 1.77 -0.13 -0.03
UGC3137 18.4 2.0 97.7 669 11 -24.14 350 2.06 0.10 0.17
F574-1 96.0 4.5 99.0 1546 34 -24.91 1306 1.79 -0.12 -0.01
F568-3 77.0 4.0 100.5 1416 29 -24.78 1130 1.84 -0.08 0.02
ESO322-G019 45.2 2.5 100.7 878 14 -24.32 528 2.01 0.05 0.14
F563V2 61.0 2.1 101.3 755 11 -24.15 412 2.07 0.10 0.18
NGC 247 2.5 2.9 106.6 1156 18 -24.42 784 2.00 0.02 0.13
ESO444-G021 60.7 6.4 107.4 2603 56 -25.17 2760 1.75 -0.19 -0.05
F579V1 85.0 5.1 111.5 2223 40 -24.92 2134 1.85 -0.12 0.03
F568V1 80.0 3.2 115.8 1505 21 -24.44 1119 2.04 0.02 0.16
ESO374-G003 43.2 4.2 118.3 2084 31 -24.70 1856 1.97 -0.05 0.11
F568-1 85.0 5.3 130.0 4218 43 -25.13 1354 1.67 -0.03 -0.10
UGC628 65.0 4.7 130.0 3740 36 -25.02 1132 1.71 0.00 -0.07
UGC11616 72.8 4.9 133.2 4094 38 -25.04 1282 1.71 -0.00 -0.07
ESO186-G055 60.1 3.6 133.2 3041 25 -24.76 813 1.81 0.08 0.00
ESO323-G042 59.7 4.4 138.7 4020 33 -24.91 1221 1.78 0.04 -0.02
PGC37759 193.2 6.8 139.4 6195 60 -25.30 2318 1.65 -0.08 -0.12
ESO234-G013 60.9 3.7 139.4 3425 26 -24.74 949 1.84 0.08 0.02
F571-8 48.0 5.2 139.5 4765 42 -25.05 1577 1.73 -0.00 -0.05
F730V1 144.0 5.8 141.6 5523 49 -25.15 1953 1.71 -0.03 -0.07
UGC11648 46.7 3.8 142.2 3620 27 -24.74 1022 1.85 0.09 0.03
ESO215-G039 61.3 4.2 142.9 4037 31 -24.83 1208 1.82 0.06 0.01
ESO509-G091 72.8 3.7 146.8 3735 25 -24.68 1050 1.89 0.11 0.06
Table B1. Individual properties of LSBs. Columns: (1) galaxy name; (2) distance; (3) disc scale length; (4) optical velocity; (5) disc
mass; (6) core radius; (7) central DM density; (8) virial mass; (9) central surface density; (10) compactness of stellar mass distribution;
(11) compactness of the DM mass distribution.
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Name D Rd Vopt Md r0 Log ρ0 Mvir LogΣ0 LogC∗ LogCDM
Mpc kpc km/s 107 M kpc g/cm3 109 M M/pc2
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
ESO444-G047 62.4 2.7 148.4 2809 16 -24.38 662 2.01 0.19 0.13
UGC11454 92.1 4.5 150.3 4787 34 -24.85 1525 1.85 0.06 0.03
UGC5999 45.0 4.4 153.0 4851 33 -24.82 1540 1.87 0.07 0.04
UGC11819 59.2 5.3 154.6 6578 43 -25.10 1490 1.70 0.04 -0.08
ESO382-G006 65.4 2.3 160.0 3097 13 -24.29 449 2.01 0.27 0.13
ESO323-G073 69.6 2.1 165.3 2923 11 -24.14 398 2.08 0.32 0.18
NGC3347B 46.2 8.1 167.0 11760 78 -25.43 3369 1.63 -0.05 -0.14
ESO268-G044 49.9 1.9 175.6 3057 10 -24.01 406 2.16 0.36 0.23
ESO534-G020 226.7 16.7 216.6 40638 218 -25.86 17351 1.64 -0.17 -0.18
NGC7589 115.0 12.6 224.0 32831 146 -25.58 13657 1.75 -0.08 -0.07
UGC11748 73.1 3.1 240.7 9418 20 -24.22 1911 2.26 0.32 0.31
UGC2936 43.6 8.4 255.0 28363 82 -25.09 10784 1.99 0.07 0.12
F568-6 201.0 18.3 297.0 83839 249 -25.67 49173 1.89 -0.10 0.01
Table B2. It continues from Tab. B1.
APPENDIX C: LSB ROTATION CURVES WITH THEIR URC
We show in Fig. C1-C2-C3-C4-C5 the LSBs rotation curves data together with their URC, taking into account Eq. 21-22 in
Di Paolo et al. 2019a and the values of Ropt ≡ 3.2 Rd, Vopt and C∗ reported in Tab. B1-B2 in Appendix B. We also show the
URC for the case LogC∗ = 0 in Fig. C1-C2-C3-C4-C5.
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Figure C1. LSBs rotation curves data with their URC given by Eq. 21-22 in Di Paolo et al. 2019a. The solid line is obtained for the
LogC∗ values reported in Tab. B1-B2 in Appendix B and is compared with the dashed line obtained for LogC∗ = 0. For each galaxy, we
show the URC fit up to the farthest kinematical measurements (left) and up to the virial radius (right). Image reproduced from Di Paolo
et al. 2019a(Fig. I1).
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Figure C2. It continues from Tab. C1. Image reproduced from Di Paolo et al. 2019a(Fig. I2).
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Figure C3. It continues from Tab. C2. Image reproduced from Di Paolo et al. 2019a(Fig. I3).
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Figure C4. It continues from Tab. C3. Image reproduced from Di Paolo et al. 2019a(Fig. I4).
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Figure C5. It continues from Tab. C4. Image reproduced from Di Paolo et al. 2019a(Fig. I5).
